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Urbanisation is contributing to increased informal settlements in peri-urban areas and 
municipalities are facing challenges in providing sanitation. The decentralised wastewater 
treatment system (DEWATS) is a low cost, water-borne, onsite sanitation technology that can 
potentially serve peri-urban areas. The DEWATS treats human excreta to produce effluent that 
contains mineral nutrients, especially nitrogen (N) and phosphorus (P). Discharging treated 
wastewater into water bodies may cause pollution. Considering water scarcity, poverty and 
hunger issues in most developing countries, reuse of treated wastewater in agriculture promotes 
sustainable development if done in an environmentally friendly manner. This study therefore 
aimed at understanding the effects on crops, soils and the environment of fertigating with 
DEWATS effluent. All the studies were conducted at Newlands-Mashu experimental site 
(30°57’E, 29°58'S), Durban, South Africa. A field experiment investigated the effects of 
DEWATS effluent on tissue cultured banana (Musa paradisiaca var Williams) and taro 
(Caucasia esculenta). The study was carried out in a randomised complete block design with 
two irrigation treatments (DEWATS effluent without fertiliser vs tap water + fertiliser). Two 
crops were grown in an intercrop over two cropping cycles using drip irrigation. Two sources 
of effluent from the DEWATS were used. Effluent after treatment through a horizontal flow 
constructed wetland (HFCW) was used during the first cropping cycle and anaerobic filter 
effluent (AF) was used in the second cropping cycle. Data was collected on soil leachates, soil 
chemical properties, water table level, crop growth, yield and nutrient uptake, with a focus on 
N and P. Fertigation with DEWATS significantly (p < 0.05) increased taro growth during the 
first cropping cycle. No significant differences (p > 0.05) were reported for crop yield, N and 
P uptake and leaching between treatments showing its potential to substitute for inorganic 
fertilisers. The AF effluent significantly (p > 0.05) increased soil inorganic N in the 0.3 m soil 
depth (rooting zone) after the second cropping cycle thereby acting as important N fertiliser 
source. Based on the findings no water table hazards due to low deep percolation and 
subsurface lateral flow was detected. However, subsurface drainage must be constructed in 
areas where water table rises to prevent groundwater pollution. A pot experiment was 
conducted to investigate fertigation of banana using DEWATS effluent on three different soil 
types. A factorial study was conducted in a complete randomised design. The treatments were 
three soil types (Inanda (Ia); Rhodic Hapludox / acidic clay soil, Sepane (Se); Aquic Haplustalf 
/ clay loam soil and Cartref (Cf); Typic Haplaquept / sandy loam soil) * two irrigation sources 
(DEWATS effluent vs tap water + fertiliser) * four replicates. The Ia soil was collected from 
Worlds View, Pietermaritzburg (29°35′S, 30°19′E), the Cf soil from KwaDinabakubo, Hillcrest 
v 
 
(29°44’S; 30°51’E) and the Se was from the field trial site at Newlands-Mashu. Soils for the 
tap water + fertiliser treatment were mixed with inorganic fertilisers based on recommended 
crop requirements before being packed in a 90 L pot. The study was carried out over 728 days 
and all soils were irrigated to field capacity. Data was collected on banana growth (total leaf 
area and plant height), yield, N and P uptake and leaching, and soil chemical properties. Use 
of DEWATS effluent significantly (p < 0.05) increased banana growth and yield in the Cf soil 
thereby showing ability of effluent to improve productivity in nutrient deprived soils. The 
NH4
+-N and P concentrations significantly increased in all DEWATS effluent fertigated soils. 
Therefore, the effluent is a source of fertiliser that can potentially be used in place of 
conventional inorganic fertilisers. The N leached from the DEWATS treatment was 
significantly (p < 0.05) lower than from the tap water + fertiliser treatment hence its use is 
environmentally sustainable. In all soils fertigated with DEWATS effluent, N leaching was 
significantly high in Ia soil hence fertigation in such a soil needs proper scheduling. The soil 
water balance (SWB-Sci) model was used to simulate water, and N and P dynamics in 
DEWATS effluent fertigated soil. The model was calibrated and validated based on data 
collected in the field studies. The crop growth model was successfully validated as it met all 
the standard statistical criteria required (i.e. r2 > 0.8, MAE < 20 % and D > 0.8). High 
concentrations of inorganic N and P in topsoil fertigated with DEWATS effluent were 
simulated. Nitrate leaching was comparably higher in DEWATS effluent fertigated soils but 
without significant impact on ground water contamination in the respective soil. Therefore, the 
use of DEWATS effluent in clay soils is sustainable. The calculated land area required to 
fertigate banana and taro in an intercrop using effluent from each DEWATS was 
117 m2·household-1 (23.3 m2·person-1). If banana is grown as a sole crop land requirement 
could have been Cf (290 m2 household-1; 58 m2 person-1), Ia (260 m2 household-1; 52 m2 
person-1) and Se (200 m2household-1; 40 m2 person). Based on these findings it can be 
concluded that DEWATS effluent increases crop growth, yield, nutrient uptake and soil 
inorganic N and P within the rooting zone like more conventional practices. On-farm irrigation 
management practices such as scheduling with room for rainfall helps to prevent N and P 
leaching and rising water table. The SWB-Sci model is an irrigation scheduling and nutrient 
(N and P) management tool which may be used by decision makers and local governments in 
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 GENERAL INTRODUCTION 
About 54 % of the global population live in urban areas and the proportion is expected to 
increase to 60 % by the year 2050 (United Nations Department of Economic and Social Affairs 
Population Division 2014). Projections have also shown that more than 90 % of the general 
population increase is expected in Asia and Africa (United Nations Department of Economic 
and Social Affairs Population Division 2014). These population dynamics have impacts on 
sanitation demands as 61 % of the global population do not have access to safely managed 
sanitation and 72 % of the population in sub-Saharan Africa do not have access to at least basic 
sanitation, thus exposing them to health risks (WHO/UNICEF, 2017). The United Nations 
general assembly established Millennium Development Goals (MDGs) to, inter alia, secure 
global coverage of access to basic services such as water and sanitation by the year 2030 
(WHO/UNICEF, 2017).  
The South African government had the task to provide sanitation to unserved areas during the 
post-apartheid era  (WWF-SA 2016). Although significant progress has been made much work 
remains to be done as about 4.9 % of South Africans still do not have toilets and about 19.5 % 
are living without improved sanitation services (Statistics South Africa 2016). The greatest 
challenge is within rural and informal settlements where connections to main sewage systems 
are difficult to achieve (Foxon et al. 2005). In South Africa, ventilated improved pit (VIP) 
latrines are recognised as minimum basic sanitation and in areas where they were constructed 
the major challenge was emptying them and subsequent management of the faecal sludge 
(WWF-SA 2016). Lack of proper care of VIP toilets, faecal sludge treatment and management 
expose people to health risks, as some of the faecal matter contaminants may leach and cause 
pollution of water table or surface water resources. The choice of appropriate sanitation 
technologies must consider cost, environmental sustainability and social acceptability (Crous 
et al. 2013). Water-borne sewage systems are more preferred by residents in informal 
settlements of South Africa as dry technologies are considered to be associated with poverty 
(Roma et al. 2010). 
To address these immediate sanitation challenges in South African informal settlements interim 
measures have had to be taken and the eThekwini (Durban) Municipality in KwaZulu-Natal, 
is one of those involved. The Municipality has embarked on projects to construct community 
ablution blocks (CABs) to serve about 800 000 inhabitants in informal settlements around 
2 
 
eThekwini (Crous et al. 2013).  Currently about 1 350 CABs have been erected in 350 informal 
settlements around the Municipality (Constable 2015, Crous et al. 2013). The eThekwini 
Municipality has also considered the Decentralised Wastewater Treatment System (DEWATS) 
as an on-site sanitation method to treat human excreta as part of housing development projects 
in urban and peri-urban areas of Durban and some of these have been connected to the CABs 
in some informal settlements (WRC 2014).  
The DEWATS is defined as a modular system that consists of a biogas settler, anaerobic baffled 
reactor, anaerobic filter and sometimes planted gravel filters (horizontal and vertical flow 
constructed wetlands) (Sasse 1998). The technology anaerobically degrades organic 
compounds in human excreta and produces effluent rich in mineral nutrients, especially 
nitrogen (N) and phosphorus (P) (Gutterer et al. 2009). This effluent is expected to meet the 
standards set by the South African Department of Water Affairs (2013) for discharge into water 
courses. However, based on findings reported by the WRC (2014), the effluent does not, 
currently, meet these limits and hence some other disposal mechanisms need to be considered 
such as reuse as fertigation for agriculture. 
South Africa is characterised by erratic rainfall patterns, high evapotranspiration and shallow 
dams and is the world’s 30th most water scarce country (Hedden and Cilliers 2014). It has been 
reported that South Africa receives an average of about 495 mm of annual rainfall, which is 
half of the world’s average annual rainfall of 1 033 mm (Hedden and Cilliers 2014, WWF-SA 
2016). Based on recent data, the agriculture sector is the largest water consumer using about 
69 % of the total water consumption in South Africa (AQUASTAT 2016). Also based on 
information collected by the eThekwini Municipality about 20 % of all its residents are food 
insecure and live at or below the poverty datum point thereby making it a threat to the future 
prosperity of the area (eThekwini Municipality 2017). These issues related to poor sanitation, 
water scarcity and food insecurity require that sustainable solutions be found as a matter of 
urgency. The use of treated wastewater in agriculture reduces pressure on scarce freshwater 
resources and promotes sustainable agriculture. This is in accordance with the United Nations 
Sustainable Development Goal 6.3, which emphasised protection of freshwater resources by 
refraining from discharging wastewater into rivers and increasing its use in agriculture (WWAP 
2017). Any practice that involves agricultural use of treated wastewater must be done in an 
environmentally sustainable manner which does not negatively affect soils, aquatic life and 
water table resources (FAO 2013, Keraita et al. 2015, WWAP 2017). It is these principles that 




▪ To gain an understanding of the factors and processes that may influence the use of 
DEWATS effluent as a fertigation source of N and P and its effects on crops, soils and 
groundwater.  
Specific objectives  
1. To investigate the effect of using DEWATS effluent on crop growth, yield, and N and 
P uptake. 
2. To investigate N and P dynamics in the field and under controlled environment 
conditions when using DEWATS effluent for crop production. 
3. To use the data collected to investigate the potential of the soil water balance model 
(SWB-Sci) to determine water and N and P mass balances as an irrigation and 
environmental management tool. 
Thesis structure: 
Chapter 1: General introduction  
Summarises the background information and justification of the study. 
Chapter 2: Use of decentralised wastewater treatment effluent on crops, soils and the 
environment: A review. 
The chapter reviews the status of the benefits, limitations and mitigation strategies for using 
treated wastewater as a source of N and P in agriculture.  
Chapter 3: Materials and methods 
▪ Field studies of the effects of DEWATS effluent on banana and taro growth, nutrient uptake 
and yield and on N and P dynamics in soil, leachates and water table.  
▪ A controlled environment study investigated fertigation using DEWATS effluent to field 
capacity and monitored its effects on the growth, yield, N and P uptake by banana, and N 
and P dynamics in three soils and leachates. 
▪ Modelling using the SWB-Sci model to simulate N and P movement in soils under 




Chapter 4: Crop growth, and nitrogen and phosphorus dynamics in soil irrigated with 
DEWATS effluent in the field. 
Field study to investigate the effects of DEWATS effluent on crop growth, N and P dynamics 
in soils, leaching and groundwater contamination. 
Chapter 5: Nitrogen and phosphorus fluxes, and crop uptake in three soils fertigated with 
DEWATS effluent to field capacity. 
The study investigated the N and P dynamics, uptake and leaching in three different soils 
following irrigation to field capacity. 
Chapter 6: Modelling water, N and P dynamics in soil fertigated with DEWATS effluent. 
The chapter focused on calibration and validation of the SWB-Sci model. The banana growth 
model was simulated to generate water balances for three different soils and the information 
was used to estimate land requirements in respective soils. The N and P movement in the soils 
were also simulated and the results explained the potential for environmental pollution and 
agronomic benefits for using DEWATS effluent. 




 EFFECT OF WASTEWATER FROM HUMAN EXCRETA-DERIVED 
MATERIALS ON SOILS, CROPS AND THE ENVIRONMENT: A REVIEW 
 Introduction 
Wastewater is defined as water the quality of which has been changed due to anthropological 
activities (Levy et al. 2011). Treated wastewater is the water that has undergone a series of 
physical, chemical and biological processes to remove solids, nutrients and organic matter 
(Pescod 1992). Wastewater can undergo different degrees of treatment such as preliminary, 
primary, secondary and tertiary which determine its final quality (Pescod 1992). Treated 
wastewater can be categorised into industrial, agricultural and domestic wastewater (Hussain 
et al. 2002, WWAP 2017). Industrial sources of wastewater include textiles, abattoirs, olive 
mills and wineries (Matheyarasu et al. 2015). Piggery and dairy wastewaters are examples of 
agricultural wastewaters (Matheyarasu et al. 2015). Domestic wastewater comes from 
household activities and is constituted of greywater (laundry, kitchen and bath water) and 
blackwater (faeces and urine) depending on the sewerage system design (Lüthi et al. 2011, 
Matheyarasu et al. 2015). The focus of this review will be the wastewater (blackwater) from 
human excreta-derived materials (HEDMs) that has been treated by various processes.  
Use of wastewater in agriculture is an ancient practice. Humans have used wastewater for 
irrigation since the Bronze Age, (ca. 3 200 – 1 100 BC) (Angelakis and Snyder 2015). 
Fertigation is the application of plant nutrients dissolved in water to crops. The first evidence 
on fertigation using wastewater was from the Greeks who used wastewater from toilet storage 
tanks around the periphery of major cities (Jaramillo and Restrepo 2017). The practice then 
extended to farms in England, Germany and Scotland between 1500 and 1700 (Angelakis and 
Snyder 2015, Jaramillo and Restrepo 2017). During the 19th century the use of wastewater in 
agriculture contributed to outbreaks of waterborne diseases such as typhoid and cholera 
(Ashton and Ubido 1991). This prompted authorities to introduce sanitary control measures 
such as sanitary border controls and the development of underground sewerage systems 
(Angelakis and Snyder 2015). Currently, several countries are formally and informally 
irrigating crops with wastewater (Keraita and Drechsel 2015). Considering the benefits 
associated with fertigation using treated wastewater and continued research on developing 
ways of minimising its risks the practice is expected to significantly intensify by the year 2030 
(Jaramillo and Restrepo 2017, WWAP 2017).  
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There are several factors driving the use of treated wastewater in agriculture and one of them 
is the increasing volumes of wastewater generated in urban and peri-urban settlements (WWAP 
2017). Urban populations are increasing rapidly and outpacing current municipal 
infrastructural capacity to manage them. This is coupled with increasing per person water 
consumption and subsequent wastewater production (Thebo et al. 2017). Instead of discharging 
wastewater into water bodies, its use for fertigating crops promotes sustainable agriculture.  
Treated wastewater contains mineral nutrients (notably nitrogen (N) and phosphorus (P)), 
which are two of the most important macronutrients required for crop growth and yield. 
Although there are some other macro and micronutrients in wastewater, this review mainly 
focuses on N and P. Mateo-Sagasta et al. (2015) estimated that all the excreta produced daily 
worldwide could replace about 25 % of N and 15 % of P currently used as inorganic fertilisers 
in agriculture.  In addition the cost of inorganic fertilisers are limiting agricultural productivity 
in low income communities (Andersson et al. 2016). Therefore, use of treated wastewater that 
supplies nutrients could save the costs of fertilisers (especially N and P) required for agriculture 
(Hussain et al. 2002, Keraita and Drechsel 2015, WWAP 2017).  
 Wastewater treatment processes for agricultural use and nutrient recovery 
Ecological sanitation (Ecosan) is an integrated approach that considers human excreta not as 
waste but as a valuable resource that can be used sustainably in agriculture (Lüthi et al. 2011, 
WHO 2009, WWAP 2017). Ecological sanitation systems are very important in densely 
populated, low-income communities where they provide onsite sanitation and at the same time 
produce resources that can be used in agriculture (WHO 2009). Onsite technologies can either 
be dry sanitation systems or waterborne sewerage systems (WHO 2009). Examples of dry 
sanitation systems are urine diverting dry toilets (UDDTs) and ventilated improved pit latrines 
(VIPs) while the decentralised wastewater treatment system (DEWATS) is one of the water-
borne sanitation technologies (WWAP 2017). 
 Dry sanitation technologies 
The UDDT is defined as an onsite toilet which works without water and has a divider to 
separate urine from faeces. The VIP also operates without water but does not have any divider 
to separate urine and faeces (Tilley 2014).   
Faecal sludge collected from the UDDT and VIP toilets is further processed using the latrine 
dehydration and pasteurisation (LaDePa) process, which pelletises it into a valuable product 
(Nikiema et al. 2013). The LaDePa pellets are smell free and sterile making their handling less 
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risky for farmers (Andersson et al. 2016). These pellets are used as a soil conditioner and source 
of mineral nutrients required by crops. 
Urine separated from the UDDT toilets is processed into different products that recover 
nutrients (N and P). The processed products are struvite (MgNH4PO4.6H2O), nitrified urine 
concentrate (NUC) and urine effluent. Struvite is a crystalline phosphate mineral that is formed 
by adding a Mg source to urine at a pH of around nine (Andersson et al. 2016, Etter et al. 2011, 
Jönsson and Vinnerås 2004). The urine effluent is a by-product from struvite production and 
can be applied directly to crops (Etter et al. 2011). Nitrogen can be recovered from urine after 
stabilisation through the process of nitrification followed by concentration through distillation 
(Fumasoli et al. 2016).  
 Decentralised wastewater treatment system 
The DEWATS is an approach for treating wastewater at a source point. The DEWATS is based 
on four treatment modules which are the settling tank (primary treatment), anaerobic baffled 
reactor (ABR; secondary treatment), anaerobic filter (AF; secondary treatment) and the planted 
gravel filters (PGFs) for secondary aerobic or tertiary treatment (horizontal flow constructed 
wetland; HFCW and vertical flow constructed wetland; VFCW) (Gutterer et al. 2009). 
The treatment process starts in the settling chamber where scum and suspended solids are 
removed. The wastewater then passes through the hanging and standing baffles of the ABR in 
an up and down motion, where sludge is retained (Reynaud and Buckley 2016). The dissolved 
and suspended organic matter are anaerobically degraded to inorganic compounds. The 
wastewater then passes to the AF which mechanically removes solids and facilitates digestion 
of dissolved organic compounds (Gutterer et al. 2009).  
The wastewater effluent from the treatment process is further polished in PGFs. The PGFs are 
subsurface systems with porous materials such as sand or gravel as substrate and these also 
prevent clogging (Lavrova and Koumanova 2013). Hybrid constructed wetlands consist of a 
combination of HFCW and VFCW to maximise the advantages of each treatment system 
(Kadlec and Wallace 2008). In a VFCW wastewater is discharged onto the surface and flows 
vertically through the porous media, carrying oxygen with it, until it reaches the outlet at the 
bottom. The effluent then moves to the HFCW where it flows horizontally in a basin allowing 
filter materials to remove microorganisms and degradation of organic material before moving 
out through the outlet (Lavrova and Koumanova 2013). Nitrogen is mostly lost through 
annamox reactions while P is removed through adsorption and precipitation processes 
(Vymazal 2007). Phosphorus removal depends on the substrate used being higher in high 
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sorption capacity material (Vymazal 2007). Nitrogen and P removal is high in systems with 
frequent harvesting and lightly loaded wetland systems (Vymazal 2007). The effluent produced 
from such systems is generally clear but still contains some nutrients such as N and P (Vymazal 
2007). 
 Effects of wastewater on soil  
 Chemical properties 
Treated wastewater is mainly constituted of 99.9 % water with the balance present as dissolved 
and suspended substances (Pescod 1992). These substances are mainly nutrients (macro and 
micronutrients), organic matter and microorganisms (Pescod 1992).   
Irrigation using wastewater significantly influences the soil physicochemical properties and 
microbial activity which control processes such as nutrient transformations, uptake by plants 
and leaching out of the root zone (Feigin et al. 2012, Levy et al. 2011). An understanding of 
the mechanisms controlling these processes is essential to provide sustainable management of 
wastewater irrigation  (Levy et al. 2011).   
2.3.1.1  Nitrogen and phosphorus dynamics  
Nitrogen and P are the most important macronutrients in wastewater required for crop 
production (Andersson et al. 2016, Fonseca et al. 2007, Pedrero et al. 2010). Nitrogen is the 
dominant macronutrient in treated wastewater and it undergoes a series of transformations in 
the soil which makes it available for crop uptake or it is lost from the soil system (Feigin et al. 
2012). Phosphorus is often unavailable to plants as it is either adsorbed to soil particles or 
precipitated as insoluble compounds (Brady and Weil 2016). 
 Nitrogen dynamics  
The dynamics of N in wastewater fertigated soils are shown in Figure 2.1. Wastewater contains 
organic and inorganic forms of N (Feigin et al. 2012). The most dominant forms of N in 
wastewater are ammonium ( NH4
+-N ) and organic N (Feigin et al. 2012, Fonseca et al. 2007). 
Some other N forms such as nitrites (NO
2
−
) and nitrates (NO3
−
) are relatively lower (Feigin et 
al. 2012) especially when wastewater has been treated under anaerobic conditions (Feigin et 




Figure 2.1: Nitrogen cycle in soil fertigated with treated wastewater (based on information 
from Feigin et al. (2012) and Levy et al. (2011)). 
Soil microorganisms consume inorganic N when the C:N ratio is high and incorporate it into their biomass 
(Chen et al. 2014), and therefore immobilised N is part of the organic N pool. Organic N in the soil is 
broken down to inorganic forms (NH4
+ and then NO3
−
) in the presence of microorganisms through 
mineralisation (Feigin et al. 2012). Volatilisation of NH4
+ occurs at high pH, temperatures and wind 
speed (Smith et al. 1996). Smith et al. (1996) investigated NH3 fluxes in pasture fertigated with 
sewage effluent at Wagga Wagga, Australia and reported 24 % loss of NH4
+ through 
volatilisation due to the high evapotranspiration rate. 
Soil NH4
+ can be converted to NO2
−
 and then NO3
−
through a series of oxidative reactions by a microbially 
driven process called nitrification (Norton 2008) that is affected by edaphic factors such as soil pH and 
temperature (Ogbazghi et al. 2016, Sahrawat 2008). The conversion of NH4
+ to NO2
−
 is controlled by 
Nitrosomonas bacteria and the conversion of NO2
−
 to NO3
− by Nitrobacter species. The 
formation of NO3
−
 is very important as it is a form that is taken up by plants and is also subject to losses 
through leaching and denitrification (Levy et al. 2011). Irrigation with wastewater increases nitrification 
in soils due to enhanced microbial activity (Sahrawat 2008). Darwesh (2015) conducted incubation 
studies by irrigating three soil types (light, heavy textured and silty loam soils) up to 60 % soil field 
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capacity using treated wastewater and reported an increased nitrification rate in all soils. Bame et al. (2013) 
conducted column leaching studies using three soils (a clay, a sand and a soil with high organic matter) 
and reported increased nitrification in all the soils treated with DEWATS effluent. 
The residual soil NO3
−
 undergoes a series of processes which lead to its loss from the soil. The NO3
−
 is 
denitrified to N2O, NO and N2 (Hu et al. 2017); a process driven by bacteria such as Pseudomonas spp. 
and Clostridium spp. (Brady and Weil 2016). Denitrification occurs under anaerobic conditions caused 
by excess irrigation as reported by several authors using wastewater (Barton et al. 2000, Feigin et al. 2012, 
Hernández-Martínez et al. 2016). Denitrification was faster in heavy textured soils when wastewater 
fertigation was applied (Barton et al. 2000).  
 Phosphorus dynamics 
Phosphorus behaviour in soils fertigated with treated wastewater is shown in Figure 2.2. Elemental 
phosphorus is highly reactive and does not exist in nature hence it reacts with oxygen to form 
orthophosphates (PO4
3-
) (Lusk et al. 2017). Orthophosphates in water are converted to HPO4
2-
 under 
alkaline conditions and H2PO4
-
 under acidic conditions (Brady and Weil 2016). Phosphorus inorganic 
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Figure 2.2: Phosphorus dynamics in wastewater fertigated soils (based on information by Shen 
et al. (2011),Brady and Weil (2016) and Lusk et al. (2017)). 
Soil P occurs as solution P, labile P and non-labile P (Brady and Weil 2016). Solution P is the smallest 
fraction and is available for plant uptake. Although it constitutes a small portion of the total soil P, labile 
P is more than solution P, is not strongly bound to soil colloids and is in direct equilibrium with solution 
P. Non-labile P is a stable portion that is unavailable for plant uptake and constitutes the largest part of 
total soil P. Non-labile P can undergo chemical reactions to produce labile and soluble P but most of it 
remains permanently inactive (Brady and Weil 2016). 
Irrigation using wastewater supplies soils with both organic and inorganic P (Figure 2.2). Organic 
phosphates such as pyrophosphates in wastewater undergo mineralisation to produce inorganic forms of 
P (Stewart and Tiessen 1987); a process that is biologically mediated. (Lusk et al. 2017). Zohar et al. 
(2010) investigated transformations of inorganic P in different fractions of a clay soil using isotopic 
oxygen in orthophosphate. They reported isotopic alterations of different P pools due to intense biological 
activity in their wastewater irrigated soils.  
Several studies reported increased P content within the top layers of soils irrigated with wastewater due to 
its immobile nature in soil (Bame et al. 2013, Mulidzi et al. 2016, Yadav et al. 2002). This immobility is 
caused by processes such adsorption, immobilisation and precipitation (Levy et al. 2011). Phosphorus 
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adsorption occurs when orthophosphates tightly bind to soil colloids such as clay minerals and Al/Fe 
oxides or hydroxides (Brady and Weil 2016, Fink et al. 2016, Lusk et al. 2017). Phosphorus adsorption 
capacities depend on soil mineral type and pH (Shen et al. 2011). Highly weathered soils with high 
goethite content were reported to have very high surface area for P adsorption (Brady and Weil 2016, 
Fink et al. 2016, Lusk et al. 2017). High P adsorption occurs in acidic soils due to increased concentrations 
of Al and Fe which form very strong bonds with P (Levy et al 2011). In neutral to calcareous soils, P can 
be precipitated as dicalcium phosphate which may be transformed to stable compounds such as 
hydroxyapatite at alkaline pH (Shen et al. 2011).  
Phosphorus availability for plant uptake is affected by its desorption rate from the soil colloids as well as 
its dissolution rate from P precipitates (Shen et al. 2011). The P desorption rate depends on the organic 
matter content, soil pH and the presence of other anions (Brady and Weil 2016). Soil organic acids such 
as citrate increase P desorption from soil colloids as they compete with P for sorption sites and modify the 
bonding energy of adsorbed P (Antelo et al. 2007, Souza et al. 2014). The solubility and desorption of soil 
P in wastewater irrigated soils is more affected by the buffering action of basic cations ( Ca2+, Na+, Mg2+) 
than the effluent pH (Bame et al. 2014, Mulidzi et al. 2016). 
 Leaching and environmental impacts of wastewater irrigation 
Environmental pollution through nutrient (especially N and P) leaching and runoff losses in wastewater 
fertigated soils, is a major issue of concern (USEPA 2012). Movement of nutrients down the soil profile 
through leaching may affect water table quality (Hamdi et al. 2013) while losses through surface runoff 
contribute to contamination of surface water resources (Sharpley et al. 2001).  
The nitrate anion is not adsorbed by the soil colloids and hence easily leaches down the soil profile (Feigin 
et al. 2012) especially when in excess of plant requirements (Vazquez-Montiel et al. 1996). The 
leaching of NO3
−
 is affected by irrigation management practices, climatic conditions and soil type (Feigin 
et al. 2012, Levy et al. 2011, Tesfamariam et al. 2015). High rainfall regimes and excessive irrigation 
increase NO3
−
 fluxes down the soil especially in coarse textured soils.  Insignificant effects of treated 
wastewater fertigation on NO3
−
 leaching were reported in some studies (Lal et al. 2015, Musazura et 
al. 2015). Musazura et al. (2015) reported higher concentrations of NO3
−
in the top 0.3 m compared 
to 0.5 m depth of a clay loam soil fertigated with ABR effluent over a short period (May 2012 to April 
2013). An eight year study by Lal et al. (2015) showed higher concentrations of NO3
−
in the top 
0.3 m and its leaching was very low under an agroforestry production system.  
Several studies have confirmed low P leaching in treated wastewater fertigated soils (Bame et al. 2013, 
Johns and McConchie 1994, Musazura et al. 2015). Phosphorus losses through leaching are less expected 
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due to sorption and precipitation processes which retain it within the soil profile (Bame et al. 2013, 
Sharpley et al. 2001, Shen et al. 2011). Column leaching studies by Bame et al. (2013) using ABR effluent 
showed high concentrations of P in the three different soils due to effluent loading. A similar low leaching 
rate agreed with Musazura et al. (2015) on the same clay loam soil under field conditions. Johns and 
McConchie (1994) investigated the effects of fertigating banana plants with treated wastewater in 
lysimeters at Woolgoolga, Australia. They reported accumulation of P in the soil with negligible 
concentrations in leachates.  
Phosphorus losses through runoff are a major contributor to surface water contamination (Sharpley et al. 
2001). High concentrations of P in heavy clay soils can be lost through surface runoff and lead to algal 
blooms (Heckrath et al. 1995). Fertigation with treated wastewater can increase soil P content due to 
adsorption and precipitation in the soil (Bame et al. 2013, Bame et al. 2014). Phosphorus is lost through 
surface runoff especially when management practices such as frequent tillage and excessive irrigation are 
used (Sharpley 2016). A study by Wang et al. (2015) on the effectiveness of conservation tillage and 
optimised fertilisation showed that both reduced the amount of P lost by runoff.  
Nitrogen and P leaching in agricultural soils can be managed through irrigation scheduling that allows for 
rainfall (Tesfamariam et al. 2013). Blum et al. (2013) investigated nutrient dynamics in a treated 
wastewater fertigated tropical Brazilian soil under sugarcane. They reported increased NO3
−
 leaching at 
100 % crop water demand but there were no threats to the water table quality.  
2.3.1.2 Other macronutrients (Ca, Mg, K and S) 
Most of the macronutrients in treated wastewater (about 53 - 99 %) exist as cations in solution and are 
readily available for plant uptake (Jaramillo and Restrepo 2017, Pedrero et al. 2010, Qadir et al. 2015). 
These nutrients have specific roles in the metabolism of plants and crops cannot grow or complete their 
life cycle in their absence, hence they are referred to as essential elements (Brady and Weil 2016).  
Fertigation using treated wastewater has been reported to increase soil concentrations of macronutrients 
(Alghobar and Suresha 2016, Bame et al. 2013, Barreto et al. 2013). Barreto et al. (2013) in Brazil reported 
increased macronutrient concentrations within the top layers of a Fluvic Neosol planted with castor bean 
(Ricinus communisis) and fertigated with treated wastewater. Column leaching studies by Bame et al. 
(2013) showed higher K concentrations in a clay soil leached with ABR effluent compared to the high 
organic matter soil and a sandy soil. Increased macronutrients in wastewater fertigated soils may result in 
nutrient imbalances (Pedrero et al. 2010) but according to Kiziloglu et al. (2008) this might not occur 
when using treated wastewater as it may not provide excessive macronutrients. To manage nutrient 
imbalances Pedrero et al. (2010) suggested that periodic monitoring be done. 
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2.3.1.3  Micronutrients (Mn, Cu, Zn, Bo, Fe) 
Treated wastewater contains very low concentrations of micronutrients (Alghobar 2014, Bame et al. 2013, 
Levy et al. 2011, Musazura et al. 2015). Bame et al. (2013) and Musazura et al. (2015) also reported very 
low concentrations of micronutrients in ABR effluent. Several authors reported variable results on the 
accumulation of micronutrients in wastewater fertigated soils (Jaramillo and Restrepo 2017, Mohammad 
and Mazahreh 2003, Yadav et al. 2002). Mohammad and Mazahreh (2003) reported increased soil Fe 
and Mn but no changes in Cu and Zn concentrations after fertigation with secondary treated wastewater 
in a relay cropping system with maize (Zea mays) and vetch grass (Vicia sativa). Asgharipour and 
Azizmoghaddam (2012) investigated the effects of wastewater on mineral nutrients in foxtail millet plant 
(Setaria italica) and reported that the soil Mn and Zn concentrations were too low to meet crop demands.  
Alghobar (2014) and Khaskhoussy et al. (2015) reported only increased Cu and Cl  concentrations in 
fields under treated wastewater fertigation. Therefore, not all micronutrients are supplied by treated 
wastewater to meet crop requirements. Alghobar and Suresha (2016) reported lower growth and yield of 
rice fertigated with treated wastewater due to a high concentration of soil micronutrients, although the 
effluent complied with the Food and Agriculture Organisation (FAO) water quality guidelines for 
leaching and irrigation of short season crops (Pescod 1992).  
Most of the heavy metals in domestic sewage are adsorbed onto sewage sludge and therefore are less 
likely to be found in wastewater unless it has been contaminated by industrial activities (Levy et al. 2011). 
The ABR effluent used by Bame et al. (2013) and Musazura et al. (2015) was also reported to contain 
heavy metals below the FAO maximum permissible levels, indicating its potential for agricultural use. 
Some studies reported increased heavy metal concentrations in soils fertigated with wastewater (Al 
Omron et al. 2012, Bedbabis et al. 2010, Khaskhoussy et al. 2015). This can be due to their not being 
bioavailable resulting from soil properties such as high soil pH and clay content (Christou et al. 2014). 
According to Xu et al. (2010) heavy metals are expected to increase in the top layers of the soil over a 
long period (> 20 years) of fertigation. On the other hand, Rusan et al. (2007) investigated heavy metal 
concentrations in fields fertigated with treated wastewater but  no significant amounts of Pb, Ni, Cd, Zn 
and Fe were detected in comparison to non-fertigated fields over a short period (two years) to a longer 
period (10 years). Some heavy metals are mobile so they accumulate in lower layers of the soil. 
Khaskhoussy et al. (2015) reported increased Cu, Cd and Ni in a treated wastewater fertigated field but 
the concentrations of Zn, Co and Pb did not significantly change. They further found that Zn and Co 
increased with soil depth due to leaching by fertigation water. Mojiri and Hamidi (2011) attributed heavy 
metal increase in the soil to either the composition of the treated wastewater or increased solubility of 
inherent insoluble soil heavy metal fractions from the chelation action of irrigated wastewater.  Uzen et 
al. (2016) investigated the effects of treated wastewater (after anaerobic stabilisation) on cotton yield in 
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South Eastern Anatolia, Turkey and they did not observe any changes in soil heavy metals due to their 
absence in the wastewater used.  
2.3.1.4 Long term effects of fertigating with treated wastewater 
Long term use of treated wastewater has significant effects on soil properties such as pH, organic C, 
nutrients and microbial activity (Bedbabis et al. 2015, Mollahoseini 2013, Rusan et al. 2007). Soil pH is 
defined as the master variable in the soil which controls processes such as bioavailability of mineral 
nutrients, cation exchange capacity (CEC) and mineralisation of organic compounds (Jaramillo and 
Restrepo 2017, Saldías et al. 2016). Studies have reported variable effects of treated wastewater (primary, 
secondary and tertiary) on soil pH (Jaramillo and Restrepo 2017). Some long-term studies reported a slight 
decline in soil pH of soils fertigated with treated wastewater (Al Omron et al. 2012, Angin et al. 2005, 
Rattan et al. 2005, Xu et al. 2010) and others have reported an increase in soil pH (Christou et al. 2014, 
Galal 2015, Santos et al. 2017). Changes in soil pH due to fertigation with treated wastewater have been 
attributed to its buffering effect (Adrover et al. 2010, Bame et al. 2014, Belaid et al. 2012, Herpin et al. 
2007). Treated wastewater increases soil pH in acidic soils (Adrover et al. 2010) and lowers it in alkaline 
soils (Fonseca et al. 2007). Increased soil pH has not been attributed to the wastewater pH but to the 
addition of exchangeable cations (Adrover et al. 2010, Bame et al. 2014, Mulidzi et al. 2016) and 
denitrification which removes H+ ions (Friedel et al. 2000). On the other hand, a decline in soil pH in 
alkaline soils is due to leaching of basic cations (Solís et al. 2005) and the nitrification of N in the 
wastewater applied (Pound et al. 1978). 
Treated wastewater contains very low concentrations of organic carbon compared to biosolids and it 
occurs as dissolved organic matter (DOM) (Chen et al. 2011b). Long term irrigation with treated 
wastewater has been reported to increase soil organic matter (SOM) in the topsoil (Al Omron et al. 2012, 
Angin et al. 2005, Friedel et al. 2000, Hentati et al. 2014, Xu et al. 2010). This occurs when large volumes 
of treated wastewater is used for fertigation (Friedel et al. 2000). However, it has also been shown that 
with continued fertigation the easily degradable SOM tends to decrease (Jueschke et al. 2008). This occurs 
due to increased microbial activity leading to breakdown of the SOM (Adrover et al. 2010, Homem et al. 
2014, Jueschke et al. 2008, Minz et al. 2011).  
 Physical properties 
Fertigation with treated wastewater has benefits and drawbacks on soil physical properties such as 
aggregate stability, hydraulic conductivity, water and nutrient retention (Jaramillo and Restrepo 2017).  
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2.3.2.1 Aggregate stability 
Soil aggregate stability (AS) refers to the ability of soil aggregates to resist disruption by external forces 
(Pescod 1992). It is regarded as an essential property that controls physicochemical and biological 
processes as well as SOM, moisture holding capacity and nutrient retention (Brady and Weil 2016). There 
are many factors that affect AS and these can be environmental (soil temperature and moisture), biotic or 
abiotic. Biotic factors include plant roots, soil fauna and microorganisms while abiotic factors include clay 
minerals, sesquioxides and exchangeable cations (Brady and Weil 2016). 
Fertigation using wastewater with high sodium adsorption ratio (SAR) was reported to reduce AS 
especially in tropical soils (Schacht and Marschner 2015). Most studies have confirmed that application 
of treated wastewater improves AS due to the influence of organic matter (Hentati et al. 2014, Jaramillo 
and Restrepo 2017, Levy et al. 2014b, Tarchitzky et al. 2007). Soil organic matter can reduce soil bulk 
density and promote aggregation of soil particles. According to Guerif (1994) AS depends on the chemical 
composition of the SOM. Dissolved organic matter increases AS by lowering soil wettability and 
increasing cohesion of aggregates due to its binding action and microbial activity (Vogeler 2009).  
A combination of SOM and sodicity may contribute to slaking of soil aggregates. According to Levy 
(2011) decreasing AS in clay soils results from a combination of a high concentration of humic substances 
and sodicity. The influence of wastewater on AS of clay soils is also more pronounced in cultivated soils 
than under zero tillage (Bhardwaj et al. (2007). 
2.3.2.2 Hydraulic conductivity 
Saturated hydraulic conductivity (Ksat) is a measure of the soil’s ability to transmit water when subjected 
to a hydraulic gradient and this is affected by AS (Vogeler 2009). Decreased Ksat in treated wastewater 
fertigated soils is well documented (Levy et al. 2014a, Qian and Mecham 2005, Sepaskhah and Karizi 
2011). The Ksat is affected by several factors such as high SAR (Lado and Ben-Hur 2009, Schacht and 
Marschner 2015) and the composition of DOM (Levy et al. 2014b).  
The effects of DOM on Ksat is more pronounced in fine textured soils than coarse textured soils since the 
aggregate stability of the former soil is more sensitive to the composition of DOM (Levy et al. 2014b). 
According to Lado and Ben-Hur (2009), Ksat can be reduced through the blockage of soil pores by the 
suspended solids as the effluent moves down the soil profile of a clay loam soil. On the other hand, this is 
less likely to happen on sandy loam soils due to their larger average pore size. This was also confirmed 
by Vogeler (2009) who did not find any significant changes in hydraulic conductivity of light textured 
soils fertigated with treated wastewater over periods of 12 and 22 years. 
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 Microbial properties 
Soil microbial populations are the major indicators of soil quality as they are very dynamic and easily 
affected by anthropogenic activities (Friedel et al. 2000). Treated wastewater can increase beneficial 
microorganisms in the soil which are responsible for different processes such as organic matter 
degradation, nutrient transformations and indirect enhancement of nutrient bioavailability (Zdenek and 
Demnerova 2007). Soil microbial populations and compositions are affected by many factors such as 
organic matter, soil pH, temperature, texture, salinity and heavy metals (Guo et al. 2017).  
Fertigation with wastewater can increase or alter microorganism populations in the soil (Hentati et al. 
2014). This occurs over a long period of fertigation as confirmed by several authors (Friedel et al. 2000, 
Hentati et al. 2014, Sklarz et al. 2013). Organic matter is the main contributor to microbial populations in 
the soil (Friedel et al. 2000, Sklarz et al. 2013, Tsiknia et al. 2014).  
 Crop growth, development and biomass production 
Treated wastewater is an important source of mineral nutrients and water required for optimum growth 
of crops. Fertigation with treated wastewater must be done following irrigation scheduling that aims to 
meet crop water demands at the same time providing nutrients and avoiding loss of especially N and P. 
 N and P uptake mechanisms 
One of the ways in which N is removed from wastewater fertigated fields is through uptake by plants 
(FAO 2003). Nitrogen uptake by crops depends on crop type as those adapted to anaerobic soils take up  
NH4
+ while those in aerobic soils take up  NO3
−
 (Masclaux-Daubresse et al. 2010). The  NO3
−
 is taken 
up from the soil solution through the plasma membrane of the root cortex by an active process 
(Mitra 2016). The N is distributed into different plant parts where it is utilised in plant biochemical 
reactions such as protein synthesis (Mitra 2016). Wastewater fertigation increases crop N uptake as 
reported by several authors. Hernández-Martínez et al. (2016) reported 65 % N uptake by rye grass 
(Lolium rigidum) and oats (Avena sativa L.) from soil fertigated with wastewater under field conditions. 
Bame et al. (2014) conducted pot experiments with three different soils and reported high plant tissue N 
concentrations in maize irrigated with DEWATS effluent.  Bedbabis et al. (2010) reported high N 
concentrations in leaves of olive trees fertigated with treated wastewater over two years compared to trees 
irrigated with well water under field conditions. Musazura et al. (2015), however, reported insignificant 
differences in N uptake between the Swiss chard fertigated with DEWATS effluent, and inorganic 
fertiliser amended treatments under field conditions. 




 (Shen et al. 
2011). These nutrients are taken up through high affinity active transport systems against a steep chemical 
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potential gradient through the plasma membrane of root cortical and root epidermal cells (Shen et al. 
2011).  Phosphorus is generally less mobile hence its uptake is enhanced by root architecture or 
mycorrhizal fungi (Marschner 2011). In case of P starvation plants alter their root morphology, topology 
and distribution patterns to increase surface area for P uptake. Arbuscular mycorrhizal fungi form 
symbiotic relationships with plant roots and increase their P absorption surface area. The rhizosphere is 
the critical zone for the interaction of plants, soil and microorganisms. Different processes that ensure P 
bioavailability within the rhizosphere are affected by microorganisms, root exudates and acidification. 
Plants exude chemicals in the rhizosphere which acidify the sparingly available P (Marschner 2011). 
Rhizosphere and soil microorganisms can enhance acquisition of plant P by influencing solubilisation of 
P to plants or through hormonal induced plant growth.  
 N and P crop requirements 
Nutrient requirements of crops vary with crop type and stage of growth (Table 2.1). Leaf vegetables take 
up N and P continuously to promote vegetative growth but most fruiting crops take up nutrients during 
the vegetative growth and assimilate them to reproductive organs during the reproductive stage (Bar-Tal 
et al. 2015). Most grass crops such as reed canary grass, sudan grass, bermuda grass, rye grass and Johnson 
grass have high nutrient uptake capacity (Pescod 1992, Seshadri et al. 2014b, Tesfamariam et al. 2009, 
Zhang et al. 2017). This is because of their deep root systems which can utilise more nutrients from the 
soil (FAO 2003). Nutrients provided in excess of crop requirements may reduce yields. For example, 
excess N may delay flowering and indirectly cause plant diseases (Pedrero et al. 2010). Excessive nutrients 
in the soil depend on effluent loading, concentrations and bioavailability (Bar-Tal et al. 2015). Excess 
nutrients in the soil can be managed through monitoring soil nutrient status, choice of crop and crop 
rotation systems with deep rooted crops (FAO 2003). 
Table 2.1: Nutrients required by selected crops for canopy formation and fruit 
production/yield (adapted and modified from FAO 2003). 
Plant part Nutrient Potato Tomato Eggplant Pepper Strawberry Lettuce Mango Banana Citrus 
Canopy  
(kg ha-1) 
N 86 95 105 90 85 *115 70 250 85 
P 7 12 13 6 5 *14 6 26 8 
Fruit  
(kg ton-1) 
N **3.2 1.8 1.96 2 1.17 - 1.35 2 1.44 
P **0.54 0.17 0.17 0.26 0.22 - 0.19 0.22 0.19 
*Whole plant 
**Potato tuber 
 Effect of wastewater irrigation on crop growth, biomass and yield  
Fertigation using treated wastewater was reported to increase crop growth and yield in forage 
(Mohammad and Ayadi 2004), arable (Bame et al. 2014, Guo et al. 2016), fruit trees (Bedbabis et al. 
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2015) and vegetable crops (Musazura et al. 2015). Treated wastewater can thus increase crop growth and 
yield comparably to conventional fertilisers. Musazura et al. (2015) investigated the effects of ABR 
effluent on Swiss chard growth over three cropping cycles. The Swiss chard growth and yield results were 
comparable between the effluent and recommended practice (tap water + fertiliser) due to its high N and 
P content. This also confirmed a study by Castro et al. (2013) who reported higher lettuce yield in 
wastewater fertigated soil compared to conventional fertilisers. Treated wastewater may improve crop 
growth and yield in poor soils since it provides nutrients and improves soil properties (Section 2.3). The 
glasshouse study by Bame et al. (2014) on the effects of ABR effluent on maize biomass in three different 
soils investigated inorganic fertiliser applied at three levels (no fertiliser, half and full recommended rate) 
and two irrigation water sources (ABR vs tap water). They reported a significantly higher maize biomass 
in the sandy soil under ABR effluent fertigation compared to tap water irrigation at full fertiliser 
recommended rate. They attributed the high crop growth in ABR effluent to its liming action and nutrient 
content. Despite these reported benefits of treated wastewater on crop growth, yield and quality, some 
negative results on reduced growth and yield have also been reported  and have been attributed to presence 
of chemicals such as detergents (Day and Tucker 1959), excessive N (Feigin et al. 1984) and salts 
(Alghobar and Suresha 2016).   
Forage crops have been used extensively for wastewater irrigation due to their ability to uptake more 
nutrients, their high water consumption in all seasons and their ability to prevent soil erosion (Pescod 
1992). Treated wastewaters have been reported to improve the growth, yield, and nutritive value of forage 
crops (Mohammad and Ayadi 2004, Muklada et al. 2017, Pescod 1992, Rusan et al. 2007). Increased 
crop growth was attributed to increased nutrients in the soil and their subsequent uptake by crops. 
Mohammad and Ayadi (2004) carried out a study on the effects of treated wastewater on forage yield and 
nutrient uptake under field conditions. The yield of both vetch and maize grass increased with wastewater 
fertigation due to its nutrient content. These findings agreed with studies by Guo et al. (2016) who reported 
increased maize yield in wastewater fertigated soil in both pot and field experiments. 
 Implications for human health of using treated wastewater 
Irrigation of crops with treated wastewater must comply with human safety in terms of pathogens, heavy 
metals and emerging contaminants (WHO 2006).  
 Pathogens in treated domestic wastewater 
Bacteria are microbes with a length of between 0.2 and 10 µm. Wastewater contains both harmless and 
pathogenic bacteria (USEPA 2012). Pathogenic bacteria are usually found in lower concentrations 
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compared to coliform groups (Pescod 1992).  The bacterial species found in wastewater include 
Escherichia coli, Salmonella spp, Shigella spp and Vibrio cholerae. The faecal coliform E. coli is used as 
an indicator of faecal contamination because of its simplicity to isolate and identify. Other pathogen of 
concern belongs to the Streptococcus group.  Streptococcus bovis and S. equinus are found in animals 
alone,  S. faecalis and S. faecium occur both humans and animals,  and other species such as S. faecalis 
var liquefaciens occur in both polluted and unpolluted water (Pescod 1992). Clostridium perfringens 
forms spores and thus has survival characteristics like viruses and helminths. Salmonella spp. include 
pathogenic bacteria such as S. typhi (typhoid causing) which are spread through ingestion of contaminated 
food (Blumenthal et al. 2000).  
Viruses in treated wastewater include hepatitis A virus, hepatitis E virus, adenovirus, rotavirus and 
norovirus (WHO 2006). Enteroviruses are viruses which cause diseases such as meningitis and 
poliomyelitis and they are common in tropical climates (Blumenthal et al. 2000). Rotaviruses are 
responsible for most gastro- intestinal diseases although they exist in lower concentrations than 
enteroviruses. Most viruses are resistant to environmental stresses although there are some which have a 
short life span outside a human host (USEPA 2012). Viruses are very difficult to remove through 
conventional wastewater treatment processes such as sedimentation and filtration due to their relatively 
small size and they need high doses of ultraviolet (UV) treatment (USEPA 2012).   
Helminths are a group of intestinal parasites which include flatworms (Schistosoma spp.), tapeworms 
(Taenia solium) and roundworms (Ascaris spp. and Trichuris spp.). Roundworms (Ascaris lumbricoides) 
are of major concern as they easily spread in wastewater irrigated lands. The eggs of A. lumbricoides are 
large (45-70 µ m * 35-50 µ m) (WHO 2006). Children under the age of 15 are at higher risk to Ascaris 
compared to adults (Blumenthal et al. 2000). They produce eggs which are resistant to harsh environments 
and can survive over ten years in soil making them one of the most ubiquitous parasites (WHO 2006). 
Different groups of people are at different risk of infections. Workers who do not wear shoes, consumers 
eating raw food which was in contact with untreated wastewater and nearby communities where sprinkler 
irrigation is used are most vulnerable. One of the risk management methods suggested by WHO (2016) 
is the use of wastewater treated to < 1 egg per litre of helminths. 
 Heavy metal accumulation in plants 
Heavy metals in plants can be of health concern. The main heavy metals of concern in wastewater used 
for irrigation are given in Table 2.2. Cadmium and Cr are examples of heavy metals of concern due to 
their non-essentiality to both animals and crops (Levy et al. 2011). Some heavy metals such as Se are 
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beneficial especially in South Africa, where it is deficient in many pastures where it is supplemented 
through fertilisers (Müller and Engelbrecht 2018).  
The bioavailability of heavy metals by plants is affected by several factors including soil pH, organic 
matter and soil type (Hass et al. 2011, Jaramillo and Restrepo 2017). The presence of organic matter 
allows chelation of heavy metals thereby contributing to their bioavailability (Levy et al. 2011). 
Bioavailability of heavy metals is also very high in low clay content soils at low pH (Mojiri and Hamidi 
2011). Plants fertigated with treated wastewater may take up heavy metals which can be health hazardous 
(Flores-Márgez et al. 2013, Hass et al. 2011, Kiziloglu et al. 2008, WHO 2006). However, several studies 
confirmed plant concentrations that were within the WHO permissible levels for safe human consumption 
(Christou et al. 2014, Rattan et al. 2005, Yadav et al. 2002). Despite this fact a study by Balkhair and 
Ashraf (2016) reported increased heavy metals in okra fertigated with treated domestic wastewater and 
the effluent used was the main cause of contamination. Uzen et al. (2016) reported insignificant uptake of 
heavy metals by cotton fertigated with treated wastewater since the effluent used had low concentrations 
of heavy metals. Sometime heavy metals may be taken up by plants but not translocated to edible parts. 
Lu et al. (2015) investigated long term fertigation with treated wastewater on accumulation of heavy 
metals in plant residues and maize cobs. The authors reported lower concentrations of heavy metals in 
maize cobs compared to roots and leaves. This may be a problem if the crop is used for forage. 
The uptake of heavy metals by forage crops may allow their transfer along the food chain (crop-animal-
humans) thereby posing health risks (Flores-Márgez et al. 2013). Even though heavy metals are expected 
to accumulate in the soil over a long period sometimes their bioaccumulation in plant tissues might not 
reach toxic levels for human consumption (Rusan et al. 2007). There is not much evidence of heavy metal 
transfer from fodder to animals and then humans. Flores-Márgez et al. (2013) investigated the uptake of 
heavy metals (Cd, Cr, Ni and Pb) from treated wastewater to oats (Avena sativa L.) and to sheep tissues. 
The authors reported insignificant bioaccumulation of heavy metals in sheep tissues and they concluded 
that treated wastewater fertigation did not pose heavy metal contamination risks.
22 
 
Table 2.2: Threshold levels of heavy metals for crop production 
Element Recommended 
maximum thresholds in 




5.0 Reduces productivity in soils (pH < 5.5), it is precipitated at 
more alkaline soil (> 7) and eliminate its toxicity.   
Arsenic (As) 0.10 Variable toxicity, ranging from 12 mg L-1 (Sudan grass) to 
0.05 mg L-1 (rice). 




0.01 Beans, beets and turnips are very susceptible at concentrations 
as low as 0.1 mg L-1 in wastewater. Conservative limits are 
recommended due to its potential for accumulation in plants and 
soils to concentrations harmful to humans. 
Cobalt (Co) 0.05 Toxic to tomato plants at 0.1 mg L-1 in wastewater. It is 
inactivated be neutral to alkaline pH in soils. 
Chromium 
(Cr) 
0.01 It is not an essential growth element. Conservative limits 
recommended due to limited knowledge about its toxicity to 
plants.  
Fluoride (F) 1 Inactivated in neutral to alkaline soils. 
Lead (Pb) 5.0 Can inhibit cell growth at very high concentrations. 
Lithium (Li) 2.5 Tolerated by most crops up to 5 mg L-1; mobile in soils. Just like 
Bo it is toxic to citrus at low concentrations (< 0.075 mg L-1).  
Molybdenum 
(Mo) 
0.01 Non-toxic to plants at normal concentrations in the soil and 
wastewater. Can be toxic to livestock if forage is grown in soils 
with high concentrations of available Mo.  
Nickel (Ni) 0.2 Can be toxic to many plants at 0.5 to 1 mg L-1; reduced toxicity 
at neutral to alkaline pH. 
Selenium (Se) 0.02 Toxic to plants at concentrations as low as 0.025 mg L-1 and 
toxic to livestock if forage is grown in soils with relatively high 
levels of added Se. It is an essential element to animals at very 
low concentrations. 
Titanium (Ti) - Effectively excluded by plants and specific tolerance is not 
known. 
Vanadium (V)  0.10 Can be toxic many plants at relatively low concentrations. 
The maximum concentration is based on a water application rate which is consistent with good irrigation 
practices (10 000 m3 hectare-1 year-1). If the water application rate greatly exceeds this, the maximum 
concentrations should be adjusted downward accordingly. No adjustment should be made for application 
rates less than 10 000 m3 hectare-1 year-1. The values given are for water used on a continuous basis at one 
site. 
Source: Adapted from National Academy of Sciences and National Academy of Engineering (1972) and 
Pratt (1972) and cited by Pescod (1992). 
 Emerging contaminants in treated wastewater 
Emerging pollutants are defined as chemicals (synthetic or naturally occurring) found in very minute 
quantities (micropollutants) in wastewater that are resistant to wastewater treatment (Clarke and Cummins 
2015). These are described as new chemicals with no regulatory status and their impacts on human health 
and the environment are poorly understood (Deblonde et al. 2011). Examples of micropollutants include 
hormones such as oestrogen (Adeel et al. 2017), pharmaceutical compounds (Chen et al. 2011a, 
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Riemenschneider et al. 2016) and endocrine disrupters (WHO 2006). Some of their adverse effects such 
as reproductive abnormalities have been reported in several animal species (WHO 2006). Therefore, in 
recent years there has been a focus on their transmission and dynamics in the food chain (Jaramillo and 
Restrepo 2017, Malchi et al. 2014). Fertigation with treated wastewater has been identified as one of the 
ways in which they are introduced into the food chain (Daso et al. 2012, Riemenschneider et al. 2016). 
Several studies have investigated their occurrence in treated wastewater, dynamics in the soil, uptake by 
plants and their transmission within the food chain (Chen et al. 2011a, Deblonde et al. 2011, Malchi et al. 
2014). Chen et al. (2011a) investigated the accumulation of different endocrine disruptors and 
pharmaceuticals in treated wastewater fertigated soils. They found that these micropollutants accumulated 
in soils but, except for triclocarban, they posed minimal risks to animals. Dissolved organic matter from 
treated wastewater was reported to be responsible for the sorption of organic micropollutants in soils (Ilani 
et al. 2005). Riemenschneider et al. (2016) studied the uptake of different micropollutants in various 
vegetable crops fertigated with treated wastewater and some of them including new micropollutants were 
detected even in edible parts of the vegetables. Most of them were concentrated in the leaves and roots 
with fewer in the fruits. They also carried out a risk assessment and found that most were not hazardous 
to health.  
 Sanitation safety plans 
A sanitation safety plan (SSP) is defined as a risk based management tool for sanitation systems which 
assists in the implementation of the WHO (2006) guidelines for safe use of wastewater, excreta and 
greywater in agriculture and aquaculture (WHO 2016, Winkler et al. 2017). These plans provide a 
structure to bring different stakeholders to identify health risks in the sanitation system and come 
up with improvements and monitoring strategies. A diagram showing a sanitation safety plan’s 
modules is shown in Figure 2.3. Different stakeholders involved within the system include 
local authorities, wastewater utility managers, sanitation enterprises, farmers, community 
based organisations, non-governmental organisations, health authorities and regulators, and 
policy makers (WHO 2016). The SSP manual assists users to (i) identify and manage health 
risks within the sanitation chain, (ii) maximise health benefits and reduce health risks, and (iii) 
give a guarantee to authorities and the public on the safety of sanitation related products and 
services (Winkler et al. 2017). After its introduction in 2010, several pilot projects have been 
implemented and regional workshops held in south Asia, and based on these the tool was shown 




Figure 2.3: Sanitation safety plan modules (from WHO (2016) 
 Challenges in the implementation and upscaling of wastewater use projects 
The use of treated wastewater in agriculture must be done in a way to maximise the benefits and minimise 
risks (WHO 2006, WWAP 2017). To achieve safe and sustainable wastewater use projects, practical, 
country-specific guidelines must be developed based on experimental data, models and existing 
international guidelines (Pescod 1992). 
 Policies and institutional aspects of wastewater use 
Use of treated wastewater in agriculture is increasingly becoming a global practice despite its problems 
of health and environmental safety (Jaramillo and Restrepo 2017). Several guidelines have been produced 
by different international organisations with special focus on health aspects (WHO 2006), environmental 
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protection (USEPA 2012) and impact on crops (FAO 1985, Pescod 1992). These guidelines have been 
used as a reference for the development of wastewater use practical guidelines for different countries 
(Jaramillo and Restrepo 2017).  
Each country must abide with the international policy on wastewater use in agriculture. This has an impact 
especially on the international export of food products where they should comply with the WHO 
guidelines for wastewater, excreta and greywater reuse in agriculture and aquaculture (WHO 2006). The 
WHO (2006) guidelines identified two different groups to be at risk to microbial contamination i.e., 
consumers and field workers (WHO 2006). Pathogen risk preventive measures included the 
development of Monte Carlo-based quantitative microbial risk assessment (QMRA) models 
which were used to generate estimates of a range of wastewater qualities. The QMRA model 
is generated based on information provided in Table 2.3. An estimated risk will be compared 
with the microbial quality guidelines. 
Table 2.3: Pathogen reduction achievable by various health protection measures (from WHO 
2006) 
Control measure Pathogen reduction  
(log units) 
Notes 
Wastewater treatment 1-6 Required pathogen to be achieved by wastewater treatment depends on 
the combination of health protection measures selected (pathogen 
reductions for different wastewater treatment options). 
Localized (drip irrigation 
for low growing crops) 
2 Root crops and crops such as lettuce that grow just above but partially in 
contact with the soil) 
Localized (drip irrigation 
for high growing crops) 
4 Crops such as tomatoes, the harvested parts of which are not in contact 
with the soil 
Spray drift control (spray 
irrigation) 
1 Use of micro-sprinklers, anemometer-controlled direction switching 
sprinklers, inward-throwing sprinklers etc 
Spray buffer zone (spray 
irrigation) 
1 Protection of residents near spray or sprinkler irrigation. The buffer zone 
should be 50-100 m. 
Pathogen die off 0.5-2 day-1 Die off on crop surfaces that occurs between last irrigation and 
consumption. The log unit reduction achieved depends on climate 
(temperature, sunlight intensity, humidity), time, crop type, etc.  
Produce washing with 
water 
1 Washing salad crops, vegetable and fruit with clean water. 
Produce disinfection 2 Washing salad crops, vegetables and fruit with a weak disinfectant 
solution and rinsing with clean water. 
Produce peeling 2 Fruit, root crops. 
Produce cooking 6-7 Immersion in boiling or close to boiling water until the food is cooked 
ensures pathogen destruction. 
 
In 1987 the Food and Agriculture Organisation (FAO) published water quality guidelines of agricultural 
significance (FAO 1985). The guidelines focused on issues such as the degree of restriction of water use 
with reference to salinity, infiltration and specific ion toxicity. Subsequently the FAO published suggested 




The United States Environmental Protection Agency (USEPA 1980) agricultural use of treated 
wastewater guideline had a special focus on preventing environmental pollution. The USEPA (2012) 
guidelines were updated to facilitate wastewater use projects based on global experiences. Some aspects 
included are the improvements in wastewater treatment technologies to promote health and 
environmental sustainability of wastewater irrigation. 
The international guidelines provide opportunities for safe and sustainable wastewater use in countries 
like South Africa where a legal framework for water reuse has been developed. The South African 
Department of Water and Sanitation (DWS) formerly the Department of Water Affairs (DWAF) has 
included water reuse in their policies as an option for waste and wastewater management (Saldías et al. 
2016). The recent DWS sanitation policy emphasised that human wastewater and excreta reuse in 
agriculture must comply with the National Environmental Management: Waste Act No. 59 of 2008 
(NEMA) (DWS 2016). The NEMA focuses on reducing the amount of waste generated and where it may 
be reused, recycled and recovered in an environmentally sustainable manner. The DWAF (1996) is 
available for use as a primary source and a decision support tool for assessing the fitness of water quality 
for agricultural use. The National Water Act of 1998 (Act No. 36 of 1998) also provides water quality 
guidance for reuse or disposal into the environment with special focus on industrial, domestic and 
agricultural wastewaters (DWA 2013).  Therefore, the South African policies provide an opportunity for 
water reuse in agriculture which, in conjunction with international regulations, ensure that safe and 
sustainable reuse projects are feasible. 
 Cost benefit analysis 
A comprehensive cost-benefit analysis on the reuse of treated wastewater in agriculture is recommended 
to ensure the long term environmental, economic and social sustainability of the practice (Arborea et al. 
2017). Treated wastewater contains mineral nutrients and organic matter which can increase crop 
productivity thereby improving the livelihoods of society (WWAP 2017). Furthermore, agricultural 
systems are bio-filters which absorb water and nutrients for crop uptake thereby reducing costs required 
for expensive advanced wastewater treatments that enable it to be released into water bodies (Andersson 
et al. 2016, Keraita and Drechsel 2015, WWAP 2017). On the other hand, wastewater may release toxins 
into the environment, which may jeopardise public health and environmental safety (Hussain et al. 2002). 
It is crucial for policymakers to assess ways of minimising any negative impacts while maximising the 
benefits of using treated wastewater in agriculture (Hussain et al. 2002). 
Several studies have been done on the cost-benefit analysis of using treated wastewater in agriculture 
(Arborea et al. 2017, Haruvy 1997, Hussain et al. 2002). Haruvy (1997) investigated ways of tackling 
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decision-making issues on the economic viability of disposing of treated wastewater and offsite use. 
Molinos-Senante et al. (2011) developed a theoretical methodology to assess internal and external 
economic impacts which was applied to various wastewater treatments in Valencia, Spain.  
 Social and cultural aspects  
Public acceptance is one of the major factors to be considered when a new technology or programme is 
to be introduced in an area (Roma and Buckley 2011). Social perceptions of handling human excreta and 
wastewater are variable across different communities (WWAP 2017). In high-income communities, the 
use of wastewater is considered undesirable due to its health impacts and unpleasant smell while in poor 
communities it is considered important as it improves their livelihoods (WWAP 2017). Most people in 
African and Asian countries consume vegetables fertigated with either treated or untreated wastewater 
(Keraita and Drechsel 2015, Mateo-Sagasta et al. 2015, WWAP 2017). Religious perceptions can also 
play a role in the acceptance of using wastewater in agriculture, for example some religions are sceptical 
about handling human excreta thereby making the practice difficult in such areas (WWAP 2017). 
One of the challenges in the use of wastewater can be variations in perceptions across different 
stakeholders. Policymakers, local governments, regulators, politicians, academics and the public have 
different expectations and obligations. Sershen et al. (2016) conducted a multidisciplinary colloquium on 
water security in South Africa with special focus on perceptions amongst different stakeholders. Based 
on their study some of the drawbacks in acceptance of water reuse projects were lack of skills and will in 
government, loss of trust by citizens in the government and failure to upscale reuse projects. 
Several measures can be taken to change peoples’ perceptions towards handling of human excreta. One 
of the ways can be by educating the community about the benefits of using wastewater and how to 
implement health and safety methods to minimise risks (Keraita and Drechsel 2015, Raschid-Sally and 
Jayakody 2009, WWAP 2017). Peoples’ trust in their government can be restored through improving 
government and public understanding of the water sector, by the provision of incentives on water reuse 
and environmental protection, and improving public capacity building in the sector (Sershen et al. 2016). 
 Modelling as a decision support tool 
Understanding the complexities of the dynamics occurring in agricultural systems can be assisted by 
models. Modelling is generally defined as the art of simulating a real situation (Dourado-Neto et al. 1998). 
According to Rimmington and Charles-Edwards (1987) models are simplified descriptions of a system, 
made to better understand the operation of a real system and interaction of its main components. Models 
can be classified as either static, mechanistic or empirical (Thornley and France 2007). Static models are 
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defined as steady state models which calculate the system in equilibrium where time is not variable. 
Empirical models describe the responses of a system using statistical or mathematical equations without 
any scientific content while mechanistic models give more details on the phenomena being modelled (van 
der Laan et al. 2014). Mechanistic models provide more knowledge on the phenology and responses to 
environmental changes (Steduto et al. 2009). Sometimes some models may contain aspects of the 
different approaches thereby serving both purposes (Singels et al. 2010). 
Some of the decision-making processes on agricultural and environmental management as well as 
generating new knowledge in scientific research requires a lot of evidence-based information (Bellocchi 
et al. 2015). Such information can be obtained through a series of controlled and field experiments in 
different environments and over long periods. This is laborious and expensive considering that often 
immediate decisions must be made, therefore models are used as tools for extrapolating systems to new 
environments (Singels et al. 2010). Therefore, calibration and validation of models must be done based 
on experimental data, which might be complex and therefore one of the considerations made when 
choosing a model is its simplicity (van der Laan et al. 2014). 
 Modelling irrigation management and water and nutrient movement 
Water and nutrient management can be modelled at a number of different spatial scales (Kersebaum et al. 
2007). According to Quinn (2004) these can be point (~ 1 m2), plot (~ 25 m2), hillslope (~ 10 000 m2), 
small catchment (~ 1 km2) and large catchment (~ 1 000 km2). Spatial variability in soil properties, 
geology, topography and management practices are the major factors driving different processes such as 
nutrient dynamics, fluxes, leaching and runoff processes (Rowlings et al. 2012). Therefore, to understand 
these processes better and generate information that will help in decision making by scientists and farmers, 
modelling should be done at a local scale (van der Laan 2009). van der Laan (2009) referred to local scale 
modelling as between plot and field scales. The influence of several processes occurring at field level have 
impacts on the larger areas such as catchments (Lu et al. 2016). Therefore, modelling can be upgraded 
from local to catchment scale. This can help decision makers (policymakers and Municipalities) when 
deciding on land use planning and implementation of environmentally sustainable agricultural practices 
(Styczen and Storm 1993). Several models have been used to simulate water and nutrient dynamics at 
different scales and these include the soil water balance (SWB-Sci) model (Annandale et al. 1999b, 
Ogbazghi et al. 2016, Tesfamariam et al. 2015), the soil-plant-atmosphere continuum system (SPACSYS) 
(Liu et al. 2018), HYDRUS (Šimůnek et al. 2008), the cropping systems simulating model (CropSyst) 
(Stöckle et al. 2003), the agricultural production systems simulator (APSIM) (Keating et al. 2003) and the 
soil and water assessment tool (SWAT) (Lu et al. 2016).  
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2.7.1.1 Soil water balance model 
This is a mechanistic, irrigation and nutrient simulation model which gives a description of the soil-plant-
atmosphere continuum making use of soil, crop and weather databases (Jovanovic et al. 1999). The model 
was derived from a simple irrigation scheduling crop model (NEWSWB) by Campbell and Diaz (1988) 
to a more complex scientific version (SWB-Sci), which has other components of the nutrient and salt sub-
models (van der Laan 2009).  
The crop unit of the SWB-Sci model simulates crop growth and development mechanistically in a way 
that will separate soil evaporation from transpiration thereby giving a clear estimate of crop water use 
(Jovanovic et al. 1999). This makes it an irrigation scheduling tool as it accurately calculates crop water 
requirements. The soil unit simulates water movement using a simple cascading (Campbell and Diaz 
1988) or finite difference approach (Annandale et al. 1999a).  
The N simulation and algorithms are based on CropSyst (Stöckle et al. 2003) and for P on GLEAMS 
(water table loading effects of agricultural management systems) (Muller and Gregory 2003). The 
ClimGen weather generator allows the SWB-Sci model to simulate long term crop growth, and nutrient 
and salt balances. The model has been used in many studies including N management in sludge amended 
soils (Ogbazghi et al. 2016, Tesfamariam et al. 2015), irrigation scheduling and salt balance using 
gypsiferous water (Annandale et al. 1999b).  
2.7.1.2 HYDRUS model 
HYDRUS is generally defined as a numerical model that simulates single or multidimensional variables 
of saturated flow and transport processes within the vadose zone (Šimůnek et al. 2008). The model was 
developed through collaborative research between the United States Salinity Laboratory and the 
University of California Riverside (Šimůnek et al. 2008). HYDRUS models water and nutrient fluxes 
through solving the Richards’ equation for saturated water flow. The conversion-dispersion equation is 
solved for solute transport in the liquid phase while diffusion equations are solved for solute transport in 
the vapour phase. 
Some of the weaknesses of using HYDRUS is its inability to simulate mechanistic crop growth or soil-
plant interactions (Han et al. 2015, Hu et al. 2008, Liang et al. 2016). A study by Li et al. (2005) used 
HYDRUS-2D to simulate water and N fluxes in the soil from a surface point source of NH4NO3 but they 
could not investigate crop water and nutrient uptake since this module is not available in the model. 
Despite its inability to model crop growth, recently the root growth model software as a function of 
environmental stress was added to HYDRUS (Hartmann et al. 2017). One of the considerations when 
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choosing a model is its simplicity but HYDRUS is very sophisticated and requires a lot of inputs for 
accurate simulations (van der Laan et al. 2014).  
Despite these weaknesses use of the model has been widespread due to its high accuracy resulting from 
its mechanistic nature (van der Laan et al. 2014). The HYDRUS model has, therefore, been used 
extensively to simulate N and water dynamics in different irrigation systems such as drip irrigation 
(Dudley et al. 2008, El-Nesr et al. 2014, Mekala and Nambi 2016), drainage fluxes and water table depths 
(Han et al. 2015, Karandish and Šimůnek 2017) and soil hydraulic conductivity due to wastewater fluxes 
in soils (Agah et al. 2016). 
2.7.1.3 Other models 
There are several other models used to simulate biophysical processes in agricultural systems 
under different management practices. The RZWQM is a 1-D model that simulates solute 
movement down the soil through macropores and preferential transport along mobile-immobile 
zones (Ma 2000). It simulates soil water redistribution following a mass conservative numerical 
solution of the Richards’ equation.  
The APSIM model allows plug in and plug out of various modules to simulate different 
cropping systems (Mok et al. 2014). The model uses different sub-models which are the crop 
module, soil water balance (SoilWat) and the solute balance (SWIM3). The SoilWat uses a 
cascading approach while the SWIM3 follows the Richards’ and conversion-dispersion 
equations (Probert and Verburg 1996). One of the problems associated with the model is its 
inability to account for soil cracking and preferential flows thereby decreasing its accuracy in 
accounting for solute balance (Stewart et al. 2006).  
CropSyst is a multi-crop, multi-year and daily step model that simulates soil water, crop 
growth, NT balance, soil erosion and salinity (Stöckle et al. 2003). Just like the SWB-Sci, it 
uses the cascading soil water balance approach to account for incomplete solute mixing 
(Corwin et al. 1991). The cascading approach allows all solutes to be accounted for using active 
samplers (suction cups) to collect nutrients and passive samplers (wetting front detectors) to 
collect draining solutes (van der Laan et al. 2014).  
 Determining land area requirements 
Some challenges in implementing a wastewater use project include technical issues such as 
effluent management in different seasons, nutrient loading in different soils and, leading from 
these, the calculation of land area requirements (DEC 2004). 
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2.7.2.1 Effluent volumes 
Fertigation with treated wastewater is done following crop water requirements in different 
seasons and at different stages of crop growth and development (FAO 2003). During wet 
seasons crop water requirements are low and excess effluent is produced (DEC 2004). The 
management of excess effluent is very important to avoid environmental pollution. On the other 
hand, there may be seasonal periods when the irrigation demand exceeds effluent supply.  
It is therefore important to consider effluent storage during wet seasons and its use during dry 
seasons (Feigin et al. 2012). According to the DEC (2004) guidelines wastewater use can be 
done as either partial reuse or full reuse. In partial reuse schemes excess effluent may be 
discharged into rivers while in full reuse schemes wet weather storage is considered. In full 
reuse schemes storage may not be required if enough land is available to assimilate all the 
effluent during periods of lower crop water demand (AE 2000). 
Storage requirements are calculated based on water balance to account for crop requirements, 
evaporation, runoff and drainage losses (DEC 2004). This is done using irrigation scheduling 
models (DEC 2004) such as SWB-Sci (Annandale et al. 1999a). 
2.7.2.2 Nutrient and water loading on different soil types 
The nutrient (N and P) loading over a certain area irrigated with wastewater is of environmental 
concern (Matheyarasu et al. 2015). Nutrient loading rates are affected by crop type and crop 
nutrient requirements (Pescod 1992).  
Approaches to wastewater fertigation management are variable. There are scenarios when 
nutrients (N and P) are limiting factors. Irrigation may be done to meet either N or P 
requirements (AE 2000). 
Irrigation scheduling allows effluent to be applied according to crop requirements without 
necessarily loading nutrients to excess and at the same time prevents leaching and runoff losses 
(Ogbazghi et al. 2016, Tesfamariam et al. 2015, van der Laan 2009). In general heavy textured 
soils accumulate nutrients faster due to less leaching losses while the major environmental 
threat is loss through runoff (Levy et al. 2011). The reverse is true for light textured soils which 
lose nutrients through leaching. Therefore, before the commencement of wastewater irrigation 
long term water and nutrient balances are required to develop nutrient management strategies 
(DEC 2004). The SWB-Sci model has been widely used to assess long term water, and N and 
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P balances in sludge amended soils (Ogbazghi et al. 2016, Tesfamariam et al. 2015, van der 
Laan 2009). Therefore, the model can be applied to wastewater fertigation projects. 
2.7.2.3 Land area requirements 
A sufficient and sustainable land area for a wastewater fertigation scheme is very important in 
the identification of aspects such as buffer zones, leaching requirements and runoff controls 
(AE 2000, DEC 2004, USEPA 2012). Land area can be determined from the effluent 
production capacity of the treatment system, and knowledge of soil water and nutrient (N and 
P) budgets (DEC 2004). The optimum land area must be able to absorb all the water and 
nutrients from a specific treatment system design capacity without any environmental issues 
(AE 2000). According to Pescod (1992), land area can be estimated based on a water balance 
which considers crop water requirements, as provided by the SWB-Sci model (Annandale et 
al. 1999a). Nutrients can be managed through several approaches such as use of deep rooted 
crops, frequent harvesting and even dilution of the effluent when necessary (Pescod 1992).  
 Summary and conclusions 
Ecological sanitation (EcoSan) systems encourage sustainable reuse of human excreta-derived materials 
rather than disposing of them to the environment. The DEWATS is one of these systems which produces 
effluent from which water and nutrients (N and P) can be recovered. The effects of treated wastewater on 
soils, crops and the environment have been studied in both controlled environment and field studies. 
Nitrogen and P are the two most important macronutrients in treated wastewater which may limit crop 
productivity. On the other hand, they are also the most important contributors to environmental pollution. 
Application of treated wastewater increases soil N and P content and influences their subsequent dynamics 
into plant available forms. Besides N and P, treated wastewater provides other essential macro and 
micronutrients for crops. Long term fertigation using treated wastewater increases SOM, microbial 
populations and improves soil pH. These contribute to improved hydraulic conductivity, soil aggregate 
stability, moisture and nutrient retention.  There is substantial evidence that treated wastewater can 
increase growth and yield in forage, grain, vegetable, fruit and ornamental crops. Despite these positive 
effects of treated wastewater there are drawbacks in terms of specific toxic ions, micropollutants, heavy 
metals, pathogens and their environmental effects. Heavy metals and pathogens can be managed 
following the WHO (2006) and USEPA (2012) guidelines. The FAO (1985) water quality guidelines for 
agricultural use are available to advise on controlling problems with specific toxic ions, salinity and 
sodicity. These guidelines encourage proper post-harvest handling and recently sanitation safety plans 
have been established. Upscaling wastewater use projects is the major challenge due to policy, 
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institutional, economic, cultural and social perception issues. South Africa has not yet developed water 
reuse practical guidelines although the legal framework based on current policies and institutional 
guidelines exists. To achieve this, technical aspects such as land area, effluent management in different 
seasons and N and P movement in the environment need consideration. Mechanistic models such as the 
SWB-Sci can be used as decision making tools to estimate land area requirements, storage capacity and 
nutrient dynamics in soils for environmental protection. The DEWATS effluent has potential to promote 
sustainable agriculture, therefore its impacts on soils, crops and the environment need investigation.
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 MATERIALS AND METHODS 
3.1 Experimental site 
The experimental site and other locations from which soils used during the study were collected 
are shown in Figure 3.1. The experimental site was Newlands-Mashu Research Facility located 
in Durban, South Africa (30°57’E, 29°58'S; altitude 14 m above sea level). The climate of the 
study site falls under the humid sub-tropical agro-ecological region of South Africa with cool, 
dry winters which are frost-free and hot, wet summers. The site receives an annual rainfall of 
approximately 800 to 1 000 mm and has a mean daily temperature of 20.5°C (Schulze 1997). 
The soil at the site is a clay of the Sepane form (Soil Classification Working Group 1991); an 
Aquic Haplustalf (Soil Survey Staff 2014). 
A pilot DEWATS designed by Bremen Overseas Research and Development Association 
(BORDA) following recommendations by Sasse (1998) was installed at the site by the 
eThekwini Water and Sanitation Department (EWS) (Figure 3.2). The pilot plant was 
connected to the main sewer of 83 houses close to the research site to allow research in a safely 
managed environment where treated effluent passes back into the trunk sewer. The DEWATS 
plant consists of three treatment steps: (i) settling chambers and biogas collectors, (ii) three 
parallel ABR streets, (iii) two AF modules and (iv) a VFCW (9.8 m length * 9.8 m breadth * 
0.75 m depth) and a HFCW (8.15 m length * 8.11 m breadth * 0.9 m depth) to further polish 
the effluent. Street 2 supplies almost one third of the total design effluent to the VFCW and 





Figure 3.1: Map showing the study site and areas where some of the soils used during the study 




Figure 3.2: Diagram showing different modules of the DEWATS and the two sources of effluent 
used for fertigation during the study. 
3.2 Field experiments  
3.2.1 Experimental design and field layout  
The field plan at Newlands-Mashu is shown in Figure 3.3. The experiment was laid out in a 
Randomised Complete Block Design with three blocks (replicates). There was a total of six 
ridged plots of 10 m * 9 m (90 m2) that were planted to 20 banana and 42 taro plants. The two 
irrigation treatments were irrigation with DEWATS effluent and no fertiliser applied and tap 
water irrigation with fertiliser application. Banana (Musa acuminata var Williams) and taro 
(Colacasia esculentum) were grown in an intercrop, with taro as the minor crop between the 
banana rows. 
Tissue cultured banana seedlings were purchased from Zululand Nurseries, Eshowe, KwaZulu-
Natal and taro seed (Dumbe lomfula) was obtained from Ukulinga, University of KwaZulu-
Natal Agricultural Research Farm. The two crops were selected due to the ability of the banana 
to bear fruits which are high above the ground and hence less likely to be contaminated by the 
















ABR –Anaerobic baffled reactor
AF –Anaerobic filter
VFCW – Vertical flow constructed wetland




Figure 3.3: Field layout showing the irrigation treatments, cropping plan and the 
piezometers and wetting front detectors (WFD). 
3.2.2 Experimental installations  
Four Fullstop ™ wetting front detectors (WFDs) (Commonwealth Scientific and Industrial 
Research Organisation, Canberra, Australia) were installed in each plot at two soil depths (0.3 
and 0.5 m) before planting (Plate 3.1).  
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Six piezometers were installed in different locations around the study field site according to 
methods described by Rasiah et al. (2005). Polyvinyl chloride pipes (50 mm diameter * 1.2 m 
long) were perforated and the bottom of the pipe covered with 250 µm polyester cloth to filter 
the water entering.  They were then inserted into holes bored with a bucket auger (50 mm 
diameter). 
 







Figure 3.4: The Newlands-Mashu experimental site showing positions of the piezometers used in the study (P1 – P6 are different piezometers). 
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A Rainbird ESP- Me ® controller (Rain bird, California, USA) was installed to control 
irrigation scheduling. A submersible pump was submerged in effluent from either the AF or 
HFCW in different cropping cycles to pump effluent to a 10 m3 capacity tank which supplied 
the agricultural field. The irrigation pipes were connected to Netafim® drippers (Netafim, 
Kraaifontein, South Africa) and calibrated to deliver 2 L h-1 with four irrigation cycles day-1, 
totalling 8 L plant-1 day-1.  
An automated weather station with a CR 1 000 (Campbell Scientific Inc., Utah, USA) data 
logger was installed about 10 m away from the experimental field (Plate 3.2A) to monitor a 
number of weather variables (Appendix 1). The CS 650 soil moisture reflectometers (Campbell 
Scientific Inc., Utah, USA) for monitoring soil volumetric water content, temperature and 
electrical conductivity were installed at three soil depths (0.3, 0.6 and 0.9 m) as shown in Plate 
3.2B. The Precision Infrared Temperature Sensor (IRTS-P) (Campbell Scientific Inc., Utah, 




Plate 3.2: (A) The automated weather station and (B) the soil moisture reflectometers at 




3.2.3 Trial establishment and management 
Banana was planted on 13 November 2013 at a spacing of 3 m * 1.5 m and taro on 18 December 
2013 at a spacing of 1 m * 1 m in an intercrop. Straight fertilisers were applied to the tap water 
+ fertiliser treated main crop (banana) based on soil chemical analysis results prior to the 
beginning of each cropping cycle to meet the crop fertiliser requirements described in Table 
3.1. Urea (46 % N) was applied at a rate of 544 kg ha-1 over eight split applications (February 
to October of each year) on monthly basis until the flowering stage of each cropping cycle. 
Potassium chloride (Muriate of potash; 52 % K) was applied over three split applications 
(November, March and July of each year) at a rate of 600 kg ha-1 (cropping cycle 1) and 
87 kg ha-1 (cropping cycle 2). The soil P test was greater than the target soil test, hence P 
fertiliser was not applied (Table 3.1). 
Table 3.1: Nitrogen (N), phosphorus (P) and potassium (K) fertiliser requirements for 
banana and taro during the growing period for cropping cycle 1 (Nov 2013 - May 2015) and 
cropping cycle 2 (Jun 2015 - July 2016) in respective irrigation treatments plots. 
Crop Treatment Cropping cycle N P K    
(kg ha-1year-1) 
Banana *HFCW effluent 1 250 0 262  
#AF effluent 2 250 0 232  
Tap water + fertiliser 1 250 0 312   
2 250 0 45 
Taro HFCW effluent 1 160 80 80  
AF effluent 2 160 80 80  
Tap water + fertiliser 1 160 80 80   
2 160 80 80 
*Horizontal flow constructed wetland 
#Anaerobic filter 
The experiments were done over two cropping cycles whereby cropping cycle 1 was from 
banana planting to first harvest (November 2013 – May 2015; 0 - 504 days after planting) and 
cropping cycle 2 was the first banana ratoon crop growing period until harvesting (July 2015 - 
July 2016; 504 - 992 days after planting). During the experimental period, the DEWATS 
effluent used for irrigation was obtained from two different sources of the treatment system. 
The effluent was obtained from the HFCW (cropping cycle 1) and the AF (cropping cycle 2). 
This was done because the HFCW underwent a technical breakdown during the experimental 
period such that irrigation was continued using AF effluent.  
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3.2.4 Data collection 
The sampling area for all crop and soil data collected during the study is described in Figure 
3.5. All the data were collected from plants within the central 42 m2 quadrant of each 90 m2 
plot. Sampling was done from six banana (30% sample size) and eight taro plants (20% sample 
size). 
 
Figure 3.5: Sampling area in each plot for all the crop and soil data collected during the 
field experiment. 
3.2.4.1 Plant growth and yield data collection 
Crop growth parameters measured for both crops during the study were plant height, leaf area 
index (LAI), chlorophyll content and biomass.  
In banana growth measurement was done from planting until flowering at a three months 
interval. Plant height was measured from the base of the stem to the third uppermost open leaf. 
Leaf length and width were also measured from the same third uppermost open leaf. Leaf area 
index was determined following methods by Ghoreishi et al. (2012) according to Equation 3.1 
and 3.2.  






       Equation 3.2 
Where: LAI is the leaf area index (m2 m-2); TLA is the total leaf area (m2); L is the leaf length 
(m); W is the leaf width (m); N is the number of leaves; C is the regression coefficient generated 
from the independent variables of leaf length and width (dimensionless); TA is the total area 
occupied by the crop (m2).  
Banana crop (main crop) was harvested on 15 May 2015 and the first ratoon crop on 25 July 
2016. Fresh mass was measured immediately after harvesting using the WA3002L floor digital 
scale with a maximum measurement of 300 kg (Weighing Instrument Co., Ltd, Suzhou, China). 
Banana is a very succulent plant and the whole plant is difficult to dry, therefore different plant 
parts were subsampled (leaves, stem and bunch) and dried at 70oC for several days until a 
constant mass was attained. The proportion of subsample dry mass to subsample fresh mass 
was determined and used to calculate banana total dry mass from total fresh mass following 
Equation 3.3.  
TDM  = [ SDM 
SFM
*TFM ]    Equation 3.3 
Where: TDM is the total dry mass (kg ha-1); SDM is the subsample dry mass (kg ha-1); SFM is 
the subsample fresh mass (kg ha-1); TFM is the total fresh mass (kg ha-1). 
Banana yield was determined according to Equation 3.4. 
Y  = FNB * BHA *  FM               Equation 3.4 
Where: Y is the yield (kg ha-1); FNB is the number of fruits per bunch (dimensionless); BHA 
is the total number of bunches (dimensionless); FM is the total fruit mass (kg ha-1). 
In taro, crop growth measurements were done over the last three months before harvesting at a 
monthly interval. Plant height was measured from the base to the apex of the second youngest 
leaf. The leaf length and width of the youngest mature leaf were also measured. Leaf area index 
was determined following Equations 3.1 and 3.2 as for banana crop. Taro vegetative growth 
index was calculated from LAI, plant height (PH), and the number of suckers and stolons 
according to Equation 3.5. 
VGI = ( 
LAI * PH 
100
) - (suckers-stolons)2       Equation 3.5 
Whereby: VGI is the vegetative growth index (dimensionless); LAI is the leaf area index 
(m2 m-2); PH is the plant height (m).  
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Taro crops were harvested on 10 May 2015 for the first season crop while the second season 
crop was harvested on 22 July 2016. Since taro plants are less succulent the whole corms were 
oven dried as for banana. Yield was determined following Equation 3.6. 
Y =NC * NP * CM       Equation 3.6 
Where: Y is the yield (kg ha-1); NC is the number of corms per plant (dimensionless); NP is 
the number of plants (dimensionless); CM is the corm mass (kg ha-1). 
The chlorophyll content index (dimensionless) was measured on taro and banana plants using 
the CCM 200-plus chlorophyll meter (Opti-Sciences, Inc., Hudson, USA). 
3.2.4.2 Leachates sampling for N and P analysis 
Due to some technical delays on irrigating with wastewater, leachates were collected from 
WFDs from 295 days after planting. This was done after heavy rainfall and when the WFDs 
were full as signalled by the visual indicators. Water samples from the WFDs were collected 
by sucking water through a 2 mm diameter pipe connected to the below-ground water collector 
using a 60 mL syringe as shown in Plate 3.3A. 
3.2.4.3 Soil sampling  
In the field studies soil samples were then collected from two depths (0.3 and 0.6 m) before the 
beginning and after each crop cycle to monitor changes in soil chemical properties over time. 
Undisturbed soil cores were collected to determine bulk density. Sampling was done randomly 
from five different places in each plot, within a 0.4 m radius from the banana stem using a 
Dutch auger (50 mm diameter). 
3.2.4.4 Groundwater monitoring 
The water table levels were monitored at random intervals using a homemade electric sounding 
device (water level meter). The device responds to contact with water by emitting light and a 
beep sound. The distance from the ground surface to the end of the device sensor was measured 
using a measuring tape and recorded as water level below ground. 
Water table samples were collected at random intervals and during heavy rainfall events. 
Collection was done using the same procedure as for the WFDs as shown in Plate 3.3B. These 
were analysed for NH4
+-N , NO3
- -N and PO4




Plate 3.3: (A) Collecting leachates from the wetting front detectors and (B) water Table 
samples. 
3.2.4.5 Crop nitrogen and phosphorus uptake 
Banana plant tissue analysis was done after each harvest (at 504 and 992 days after planting). 
Banana leaf tissues were collected from the third upper fully developed leaves on the centre of 
the lamina blade at flowering (Hue et al. 2000). Taro tissue samples were collected from the 
corms after the first crop harvest. Taro tissue samples were not collected during the second 





samples were bulked to form a composite sample for each plot and oven dried at 70oC for 72 
hours (Kalra 1997). 
3.3 Pot experiment 
3.3.1 Experimental design 
A 2 * 3 * 4 factorial experiment was carried out in a complete randomised design (Figure 3.6). 
The experiment comprised of two irrigation treatments (DEWATS effluent vs Municipal tap 
water + fertiliser) * three soil types * four replicates.  
 
Figure 3.6: Pot experiment layout in a complete randomised design in the growing tunnel. 
3.3.2 Trial establishment and management 
The soils used for the pot experiment were collected from three different locations in the 
province of KwaZulu-Natal, South Africa as shown in Figure 3.1. Three contrasting topsoil 
(0 - 0.3 m) horizons were collected from a Cartref form (Cf; Typic Haplaquept), an Inanda 
form (Ia; Rhodic Hapludox) and a Sepane form (Se; Aquic Haplustalf) (Soil Classification 
Working Group 1991, Soil Survey Staff 2014). The Cf soil is generally a coarse textured soil 
with low nutrient concentrations, which is likely to benefit from irrigation using wastewater 
although susceptible to nutrient leaching. Sepane soil was chosen on its ability to retain water 
and nutrients but susceptible to surface runoff. The Cf was sampled from KwaDinabakubo 
(29°44’S; 30°51’E) near Durban, KZN under natural grassland. The Ia was collected from 
World’s View (29°35′S, 30°19′E), Pietermaritzburg under commercial forestry and the Se from 
the Newlands-Mashu Research Centre. Chemical and physical properties for soils used during 
the study are shown in Table 3.4.Freshly collected soils were air dried and sieved using a 2 mm 
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mesh. Inorganic fertilisers used during the study: urea (46% N), single superphosphate (10.5% 
P) and potassium chloride (52% K), were applied to the tap water + fertiliser treatment soils 
(Table 3.2) based on soil fertility recommendations described in Table 3.2. Dolomitic lime was 
added at a rate of 1.03 g kg-1 to the Ia and Cf soils to adjust soil pH to a permissible acid 
saturation of 1%. Fertilisers and dolomitic lime were then mixed using a Baumax BS361 
concrete mixer. The soils were packed at a rate of 60 kg per pot based on their bulky densities 
(Ct; 1.44 g cm-3, Ia; 0.8 g cm-3 and Se; 1.2 g cm-3). The pots were perforated underneath to 
allow free drainage and dishes were placed underneath to collect the leachates which were 
analysed, and the rest were recycled back into the pot. 
Table 3.2: Nitrogen (N), phosphorus (P), potassium (K) and lime (dolomite) fertiliser 
requirements for the three different soils used. 
Soil type N P K Lime 
  (mg kg-1)   
Inanda 100 10 104 1 030 
Cartref 58 4.6 79 1 030 
Sepane 70 0 51 0 
Wetting front detectors (WFDs) were inserted in each pot to passively collect leachates. Single 
banana (M. paradisiaca) suckers of 4 - 5 kg mass was planted in each pot on 3 April 2015. For 
the first 210 days after planting (3 April to 29 October 2015), the pots were irrigated with 
HFCW effluent and thereafter AF effluent was used. Irrigation was done once or twice a week 
and a total of 2 770 mm of effluent per pot was applied over a period of 718 days (10 days 
before final harvesting). Soil moisture content was determined by weighing the pot before each 
irrigation event (Plate 3.4). Temperature and relative humidity were monitored using iMini 
escort (CB-USB2-MINI5P) data loggers and the values were used to calculate reference 
evapotranspiration using the SWB-Sci model following algorithms by Allen (1998). Irrigation 
was done exceeding the crop water requirements while maintaining the soils moisture content 
at field capacity, aiming to absorb as much effluent as possible. Crop water requirements 
(ETcrop) were calculated according to the Food and Agriculture Organisation (FAO) formula as 





Plate 3.4: Measuring soil moisture content by weighing the pots in the growing tunnel.
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3.3.3 Data collection 
All the data were collected from four replicates. 
3.3.3.1 Plant growth and yield 
Banana growth variables described in Section 3.2.4.1 were measured following similar 
procedures. Plant fresh and dry biomass were determined at 728 days after planting. 
3.3.3.2 Soil sampling 
Soil samples were collected at 728 days after planting when the plants were harvested. Five 
subsamples per pot were collected from different points (upper, middle and bottom) using a 
Dutch auger. These were bulked to form a composite sample per pot and they were analysed 
for chemical properties.  
3.3.3.3 Soil drainage 
Soil drainage rate was monitored at random intervals by measuring the volume of leachate in 
the collecting plate four hours after irrigation. 
3.3.3.4 Nitrogen and phosphorus leaching  
Leachates within each pot were collected from the WFDs following procedures described in 
Section 3.2.4.2. The total amount of inorganic N and P leached were calculated following 
Equation 3.7.  
LC = 
V * C 
1 000
     Equation 3.7 
Where: LC is the amount leached (g); V is the volume leached (L), C is the leachate 
concentration (mg L-1). 
3.3.3.5 Crop nutrient and phosphorus uptake 
Banana plant samples were collected following methods described in Section 3.2.4.5. 
3.4 Laboratory analyses 
3.4.1 Effluent characterisation 
About 50 mL aliquots of treated effluent used during the study were collected from the HFCW 
(n = 3) and the AF (n = 10) and analysed for chemical and physical properties following 
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standard methods for water and wastewater analysis (APHA 2005). The total N, NH4
+-N, 
NO3
- -N and PO4
3--P were analysed using a NOVA 60 Spectroquant® (Merck Millipore, 
Germany).  
Suspended solids were analysed by filtering a well-mixed sample through a 0.45 µm glass fibre 
filter. The filter residue was dried to a constant mass at 103 – 105 oC. Suspended solids were 
determined as an increase in the mass of a filter. 
The chemical oxygen demand (COD) was analysed by digesting a wastewater sample in a 
strongly acidic potassium dichromate solution with silver sulphate (catalyst) and mercuric 
sulphate. The dichromate was oxidised, and excess dichromate was titrated with ammonium 
(II) sulphate. The COD value was calculated from the amount of dichromate titrated.  
3.4.2 Soil analysis 
Soil particle size analysis was done following the hydrometer method described by Rowell 
(2014). The soil (25 – 50 g) and 100 ml of dispersing solution was added were added to the 
dispersing cup. The dispersing cup was attached to the mixer and mixed for 30 – 60 seconds. 
The suspension was quantitatively transferred from the dispensing cup to 1 000 ml cylinder, 
which was filled to 1 000 ml mark using deionised water. This was left overnight to equilibrate. 
At the beginning of each set, the temperature and the hydrometer reading were recorded. The 
density was determined by inserting the plunger into suspension and mixing for 30 seconds 
until the suspension was uniform. The plunger was removed (the 40 seconds timer was 
beginning) and the hydrometer was gently inserted into the suspension. Hydrometer reading 
was recorded at 40 seconds interval to determine the amount of silt plus clay after sand has 
settled to the bottom. The hydrometer was recorded again after 6 hours 52 minutes to determine 
the amount of clay in suspension after silt has settled to the bottom. Different particle size 
proportions were determined according to calculations from Equations 3.8 – 3.10 below: 
Clay (%) = Corrected hydrometer reading at 6 hrs 52 mins. * 
100
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
   Equation 3.8 
Silt (%) = Corrected hydrometer reading at 40 sec. * 
100
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
 – clay (%) Equation 3.9 
Sand (%) = 100 % - (Silt + clay %)     Equation 3.10 
 
The soil water contents at field capacity and permanent wilting points were calculated from the 
SWB-Sci model calculator using the soil texture data (Annandale et al. 1999a). The bulk 
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density was determined from the undisturbed soil cores following methods described by 
Rowell (2014). A smooth vertical soil surface was prepared at the depth of the soil to be 
sampled. The sampler was driven into the soil without compressing and disturbing the soil. The 
sampler was removed while retaining the undisturbed soil in the inner cylinder. The soil sample 
was carefully trimmed, and two metal disks were placed at each end of the cylinder. The soil 
sample was packed in a plastic bag to preserve moisture content. The soil sample was dried in 
an oven at 105 OC for 72 hours. The bulk density was determined according to Equation 3.11 
below: 
Bulk density = 
W1-W2-W3
Volume of cylinder
      Equation 3.11 
Whereby: W1 is the mass of wet soil plus tin cylinder; W2 is the mass of the tin and W3 is the 
mass after drying. 
Soil extractable P was done using Ambic-2 solution (Hunter 1974) followed by the 
molybdenum blue procedure (Hunter 1974, Murphy and Riley 1962). Soil total inorganic N 
(NH4
+-N  + NO3
- -N) was extracted from freshly collected soils in a 1:5 soil :2M KCl followed 
by filtering using Whatman ® No. 2 paper according to Mynard and Kalra (2008). The filtrates 
were then analysed using a Nova 60 Spectroquant® (Merck Millipore, Germany) according to 
standard methods (APHA 2005). All other soil analyses reported in Table 3.3 and 3.4 were 





Table 3.3: Soil chemical and physical properties of the Sepane soil at the Newlands-Mashu 
field site before planting. 
Soil parameter 
                    Depth (m) 
   0-0.3             0.3-0.6 
Bulk density (g cm-3) 1.25 1.43 
Clay (%) 35 43 
Silt (%) 42 31 
Sand (%) 23 26 
Field capacity (m m-1) 0.424 0.413 
Permanent wilting point (m m-1) 0.309 0.298 
Organic C (%) 2.9 2.6 
Total N (%) 0.29 0.27 
Inorganic N (mg kg-1) 24.2 23 
Extractable P (mg kg-1) 39.3 11.9 
Exchangeable K (cmolc kg
-1) 0.30 0.18 
Exchangeable Ca (cmolc kg
-1) 12.2 8.1 
Exchangeable Mg (cmolc kg
-1) 7.8 7.4 
Exchangeable acidity (cmolc kg
-1) 0.05 0.07 
Total cations (cmolc kg
-1) 20.4 15.7 
Acid saturation (%) 0 0 
pH (KCl) 5.2 5.1 
Extractable Zn (mg kg-1) 22.8 6.9 
Extractable Mn (mg kg-1) 3.7 11.1 
Extractable Cu (mg kg-1) 9.5 5.8 
 
Table 3.4: Physical and chemical properties for the different soil types used for the pot 
experiment at Newlands-Mashu. 
Property Inanda Cartref Sepane 
Bulky density (g cm-3) 0.80 1.43 1.20 
Clay (%) 23 12 37 
Silt (%) 48 15 41 
Sand (%) 29 73 22 
Field capacity (m m-1) 0.40 0.24 0.43 
Permanent wilting point (m m-1) 0.29 0.12 0.31 
Organic C (%)  6  0.5 2.9 
Total N (%) 0.56 0.05 0.29 
Extractable P (mg kg-1) 12.0 0.7 39.3 
pH (KCl) 4.11 4.21 5.20 
Total cations (cmolc kg-1) 5.9 1.2 20.4 
Acid saturation (%) 30 18 0 
Exchangeable K (cmolc kg-1) 0.07 0.01 0.30 
Exchangeable Ca (cmolc kg-1) 3.2 0.4 12.2 
Exchangeable Mg (cmolc kg-1) 0.0 0.4 7.8 
Exch. acidity (cmolc kg-1) 1.80 0.18 0.05 
Extractable Zn (mg kg-1) 2.8 0.1 22.8 
Extractable Mn (mg kg-1) 10.7 0.7 3.7 
Extractable Cu (mg kg-1) 3.6 0.2 9.5 
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3.4.3 Plant tissue analyses 
All the plant tissue samples were analysed following standard methods for plant analysis 
(Riekert and Bainbridge 1998). Plant tissue samples were bulked to form a composite sample 
and oven dried at 70oC for 72 hours. Dried plant tissues were then crushed and sieved through 
a 1 mm sieve. These were subjected to wet acid digestion prior to analysis for N and P. The 
leaf tissues were analysed for total N using a LECO ® TruSpec Micro CNS 2000 analyser 
(Leco Corporation, Michigan, USA) and P using inductively coupled plasma optical emission 
spectroscopy (ICP-OES) Vista MPX (SpectroFlame Modula; Spectro, Kleve, Germany). The 
total nutrients removed by plants were then determined following Equation 3.12. 
NR = 
TDM * C 
1000 000
      Equation 3.12 
Where: NR is the nutrients removed by crops (kg ha-1); TDM is the total dry mass (kg ha-1); C 
is the concentration in plant tissues (mg kg-1). 
3.5 Data analysis 
All the data collected were analysed using GenStat 18th Edition (VSN International, UK). 
Analysis of variance (ANOVA) was conducted to test for significant differences between the 
main factors and their interactions (where applicable) at the 5% significance level. Contrasts 
were done where there were three or more treatments to compare treatment means. Means were 
separated using standard error of mean differences (P < 0.05). Significantly different treatments 
were presented through bar graphs, boxplots and tables showing standard error of mean 
differences. 
3.6 Modelling water and nutrient (N and P) balances in soil 
The SWB-Sci model was used to determine land area and to simulate N and P dynamics in 
DEWATS effluent fertigated soils. The model has three different units i.e. the weather unit, the 
crop growth unit, and the soil unit (Annandale et al. 1999a, Jovanovic et al. 2000, Jovanovic et 
al. 1999). 
3.6.1 The weather unit  
The weather station installed at the experimental site (Section 3.2.1) was used to measure 
different variables which were included in the model. Information on the weather station was 
created as shown in Appendix 2. 
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3.6.2 Growth sub model calibration 
Crop growth parameters for calibrating the banana growth model were collected from the 
tap water + fertiliser treatment from the experiments conducted over a period of 992 days as 
described in Section 3.2. Some of the parameters not measured were obtained from Literature. 
The parameters included in the model are given in Appendix 3. 
3.6.2.1 Model calibration of crop parameters for N and P uptake  
Crop parameters for nutrient uptake were based on the CropSyst algorithms (Boote et al. 2013). 
These simulate crop nutrient uptake based on root N concentration and aboveground N 
concentrations at different stages of growth (van der Laan et al. 2010). The model was 
calibrated using the data collected from the tap water + fertiliser treatment and some parameters 
were obtained from literature (Appendix 3 and 4). 
3.6.2.2 Soil parameters  
Soil physical properties given in Appendix 5 were included in the model. 
3.6.2.3 Field management 
All the field management practices are given in Appendix 6. 
3.6.2.4 Nitrogen and phosphorus model initialisation 
The SWB-Sci was calibrated for N and P modelling using literature and measured data. The 
rain and irrigation water quality (NH4
+-N, NO3
- -N and PO4
3-
in mg L-1) were entered with regards 
to DEWATS effluent. The fertiliser and tillage management were entered for the tap water + 
fertiliser treatment. The plant residue parameters were also included in the sub-model. Other 
additional physical and chemical properties used to parameterize the model are given in 
Appendix 7. 
3.6.3 Model validation 
The model was validated using an independent data of leaf area index (LAI), crop height, N 
uptake and mobile N and P from DEWATS effluent. Model sensitivity was tested following 
five statistical parameters suggested by De Jager (1994): root mean standard error (RMSE), 
sample size (N), mean absolute error (MAE), correlation coefficient (r2) and Willmott’s 
coefficient of agreement (D). The significance levels for accurate simulations were RMSE 
(non-applicable), r2 > 0.8, MAE < 20 % and D > 0.8 
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3.6.4 Land area determination 
Land area required per each DEWATS plant, household and individual was calculated 
according to calculations in Appendix 8. The calculations were based on Etcrop (evaporation + 





 CROP GROWTH, AND NITROGEN AND PHOSPHORUS 
DYNAMICS IN SOIL IRRIGATED WITH DEWATS EFFLUENT IN THE FIELD.  
 Introduction  
Erratic rainfall patterns due to climate change are contributing to water scarcity thereby 
jeopardising food security in countries such as South Africa (WWAP 2017). Furthermore, as 
the population continues to increase so does the generation of wastewater contribute to 
pollution of available fresh water resources. The use of wastewater on agricultural soils is one 
of the mitigation strategies to climate change and a way of conserving fresh water resources 
while improving livelihoods in most developing countries (Fonseca et al. 2007, Pedrero et al. 
2010).  
Irrigation with wastewater allow soil to act as a medium for nutrient-retention and 
subsequent uptake by crops (Bame et al. 2013) such that water draining down the ground water 
is less contaminated. Several studies evidenced the ability of wastewater to increase crop 
growth, nutrient uptake and improve soil chemical and physical properties (Bame et al. 2013, 
Hussain et al. 2002, Mousavi et al. 2015).  
Although wastewater is a valuable agricultural resource there are some limitations associated 
with its use. Some of these limitations include the effects of excessive nutrients on crop yield, 
soil nutrient imbalances and environmental pollution (Pedrero et al. 2010). Nutrients (N and P) 
from wastewater added to the soil undergo different transformation processes driven by various 
biotic and abiotic factors including, but not limited to, soil factors such as texture, mineralogy, 
structure, pH, temperature, and water content (Levy et al. 2011, Ogbazghi et al. 2016, Sahrawat 
2008). The N and P may be leached down the soil profile depending on irrigation management 
practices and rainfall intensity leading to groundwater pollution. 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
Upscaling of water reuse program needs proper planning. The planning process considers 
various technical aspects such as the site’s physical characteristics, the effluent quality and 
quantity, land area and storage requirements during wetter periods and most importantly 
environmental sustainability. However, this information is often not available. This field study 
therefore, investigated the amount of DEWATS effluent that can be irrigated per unit area to a 
banana/taro intercrop, storage requirements in rainy season and N and P dynamics in a soil 
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planted to banana and taro. Specific objectives were to (i) characterise the DEWATS effluent 
(after  the AF and again after a HFCW); (ii) determine its effects on the growth and yield of 
banana and taro in an intercrop; (iii) calculate banana/taro irrigation requirements with special 
reference to the study site; (vi) use the information to determine land requirements for irrigating 
banana/taro intercrop with DEWATS effluent; (v) N and P loading in soil and uptake by the 
two crops; (vi) soil chemical properties; (vii) soil N and P leaching and effects on groundwater 
NO3
-  pollution. 
 Materials and Methods  
These have been described in Sections 3.1 – 3.2 in Chapter 3. 
 Results 
 Effluent characterisation 
The chemical and physical characteristics of effluents from two different points of DEWATS 
(AF and HFCW) are reported in Table 4.1. Higher concentrations of mineral nutrients (total N, 
PO4
3--P and NH4
+-N) and chemical oxygen demand (COD) were reported in AF effluent than 
HFCW except for NO3
- -N which was very low in AF. There were very low concentrations of 
suspended soils in AF than in HFCW effluent. The pH for AF effluent was slightly alkaline 
(mean value of 7.65) than HFCW effluent (mean value of 6.73). 
59 
 













Tot. N  
(mg L-1) 
COD  
(mg O2 L-1) 
Suspended  
solids  




n 9 9 9 3 6 9 9 9 
Mean ± SE 2.1 ± 0.5 54.8 ± 1.6 10.5 ± 1.5 60.6 ± 2.7  524.5 ± 391.1 0 7.65 ± 0.06 1.2 ± 0.1 
Median 1.8 55.6 8.7 59.8 133.6 0 7.68 1.2 
Range 0.2 - 4.1 48.1 - 60.1 5.9 - 19.5 51.2 - 68.4 81.2 - 2470 0 7.33 - 7.98 0.9 -1.4 
HFCW 
n 3 3 3 3 19 19 19 19 
Mean ± SE 12.7 ± 6.4 6.7 ± 7. 4.1 ± 0.5  19.4 ± 7 67.9 ± 7.5 4 ± 1.3 6.73 ±0.09 74.1 ± 2.8 
Median 10.2 7.2 3.9 18.1 66 2 6.57 70 
Range 3.1 - 24.9 5 - 7.9 5.9 - 19.5 8.1 - 32.1 31 - 159 1.0 - 26 6.24 - 7.71 54 - 99 
AF is anaerobic filter effluent, HFCW is the horizontal flow constructed wetland effluent
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 Crop growth and yield 
The F-probability values for banana growth variables over the two cropping cycles are reported 
in Table 4.2. No significant differences (p > 0.05) were reported between the two irrigation 
treatments over the two cropping cycles for banana growth variables except for banana plant 
height, which significantly differed between the two cropping cycles at 5 % significance level. 
Table 4.2: Analysis of variance showing the probability values for banana and taro growth 
between the two irrigation treatments over two growing seasons. 
 Banana  Taro 













Block 2       
Cropping cycle 1 0.005** 0.868 0.574 0.034* 0.012* 0.008** 
Treatment 1 0.621 0.123 0.877 < 0.001*** < 0.001*** < 0.001*** 
Season x treatment 1 0.648 0.765 0.854 0.064 0.022* 0.03** 
DF = degrees of freedom; PH = plant height; CCI = chlorophyll content index; LAI = leaf area index; VGI = vegetative growth index; n/a = dimensionless. 
The differences in banana plant height between the two cropping seasons are reported in Figure 
4.1. Banana plant height was higher during the second cropping cycle compared to the first 
one. 
 
Figure 4.1: Banana plant height between the two cropping cycles for two irrigation treatment 
(n = 3; mean ± standard error of mean differences). 
A significant (p < 0.01) interaction was found between treatment and cropping cycle on taro 




















Cropping cycle 1 DEWATS
Cropping cycle 1 Tapwater + fertliser
Cropping cycle 2 DEWATS
Cropping cycle 2 Tapwater + fertliser
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Table 4.3: Mean squares for taro yield and total dry mass during the first season. 
Source of 
 variation 
Degrees of  
freedom 
Total dry mass   Yield   
Block stratum 2 3.79 9.01 
Treatment 1 4.46 18.73 
Residual 2 15.87 41.51 
Total 5   
The differences in taro growth variables between the two irrigation treatments over two 
cropping cycles are presented in Table 4.4. Use of DEWATS effluent increased all taro growth 
variables during the first cropping cycle compared to tap water + fertiliser treatment. Taro 
growth was lower during the second cropping cycle regardless of the irrigation treatment. 
Table 4.4: Taro growth variables between the two growing cropping cycles and fertigation 
treatments (n = 6; mean ± standard error of mean). 








1 DEWATS 0.06 ± 0.007a 1676 ± 290a 0.45 ± 0.03a 
 Tap water +fertiliser 0.04 ± 0.005
b 774 ± 171b 0.37 ± 0.02b 
2 DEWATS 0.02 ± 0.003c 276 ± 65c 0.20 ± 0.01c 
 Tap water + fertiliser 0.02 ± 0.003
c 230 ± 50c 0.19 ± 0.01c 
Superscripts that are different within a column indicate significant differences (p < 0.05) 
The mean squares for banana yield and dry mass are reported in Table 4.5. No significant 
differences (p > 0.05) were reported for taro yield in all treatments. Significant 
differences in banana yield was found between the irrigation treatments (p < 0.05) and 
cropping cycles (p < 0.01). 
Table 4.5: Mean squares for banana yield and dry mass between the two cropping cycles and 
irrigation treatments collected after harvest (728 days after planting). 
Source of  
variation 
Degrees of  
freedom 
Yield    Total dry mass   
Block stratum 2 48.1  12 
Block*Units* stratum  
 
Cropping cycle 1 162.9 ** 81 
Treatment 1 96.6 * 2 
Season*Treatment 1 41.6  3 





*p < 0.05, **p < 0.01, ***p < 0.001. 
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The effects of irrigation treatments on banana yield over two cropping seasons were presented 
in Figure 4.2. Banana yield was higher in DEWATS effluent compared to tap water + fertiliser 
treatment, during the first cropping cycle than the second one (Figure 4.2).  
 
Figure 4.2: Banana yield (n = 6; mean ± standard error of mean differences) in different 
irrigation treatments and cropping cycles. 
 Soil properties 
Mean squares for soil chemical properties at two different soil depths (0.3 and 0.6 m) after 
three sampling periods are reported in Table 4.6. Soil pH significantly (p < 0.01) differed 
between irrigation treatments. There were significant differences between different soil depths 
with respect to soil organic C (p < 0.01), extractable P (p < 0.001), NO3
- -N (p < 0.05) and total 
N (p < 0.01). Significant changes in soil total N (p < 0.01) and NO3
- -N (p < 0.001) were 
observed over time. A significant interaction between soil depth and time occurred with 
regards to total inorganic N and NH4





















Tap water + fertiliser
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Table 4.6: Mean squares for soil chemical properties between the two irrigation treatments sampled from two different depths over the three 
growing seasons. 
Source of variation Degrees of freedom Missing values Total N   Org. C   Tot. Inorg. N  NH4
+-N  NO3
- -N  Ext. P   Soil pH  
   (%) (mg kg-1)  
Block stratum 2  0.2  0.4  93  
44 
 142  744  0.6 
Irrigation treatment 1  0.1  0.1  398 * 66  141 
 110  1.3 
Soil depth 1  1.1 ** 1.5 ** 903 *** 163  299 * 19605 *** 0.1 
Time 2  0.7 ** 0  6805  3066 *** 1056 *** 263  0.2 
Irrigation treatment * soil depth 1  0  0.1  79  84  0.14  344  0 
Irrigation treatment * time 2  0.1  0  390 * 38  186  107  0.3 
Soil depth * time  2  0.1  0.2  665  339 * 71.93  835  0.1 
Irrigation treatment * soil depth * time 2  0.2  0.3  63  63  0.31  55  0 
Residual 20 -2 0.1  0.1  147  72  54.47  322  0.1 
Total 33 -2              
Ext. P is the extractable phosphorus. 
Org. C is the organic C 
Tot. Inorg. N is the total inorganic nitrogen 
*p < 0.05, **p < 0.01, ***p < 0.001 
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The concentrations of extractable P and NO3
- -N at different depths between the two irrigation 
treatments and different sampling times are shown in Table 4.7. Higher concentrations of P 
and  NO3
- -N content were reported in the 0.3 m soil depth compared to 0.6 m.  
The total soil N concentrations at three different sampling times are given in Table 4.7. A 
significantly higher (p < 0.05) concentration of total N was found 504 days after planting 
(DAP) compared to the initial concentration and 992 DAP. There was a consistent pattern in 
soil total inorganic N and NH4
+-N concentrations, both increased with time and attained the 




Table 4.7: Concentrations (mean ± standard error of mean differences; n = 3) of total N (organic + inorganic N), NO3
--N, NH4
+-N, 
extractable P and total inorganic N (NO3
- -N +NH4
+-N) between the two soil depth, irrigation treatments over three different periods of the 
study. 
      Total N   Extractable P   NO3
- -N  NH4
+ -N  Total inorganic N 
Irrigation treatment  Soil depth Time (%) mg kg-1 
DEWATS 
0.3 m 
Initial 0.30 ± 0.01 ab 37.7 ± 1.8 abcd 4.9 ± 1.4 bc 10.4 ± 2.1 e 15.3 ± 3.3 d 
504 DAP 0.34 ± 0.01 a 52.2 ± 2 abcd 4.9 ± 1 bc 20.8 ± 2.4 d 25.7 ± 1.4 d 
992 DAP 0.29 ± 0.03 ab 58.7 ± 22.4 abc 33.1 ± 12.5 a 57.4 ± 2 a 90.4 ± 10.8 a 
0.6 m 
Initial 0.27 ± 0.01 ab 11.9 ± 4.6 bcd 3.4 ± 1.2 bc 10.2 ± 2 e 13.6 ± 2.2 d 
504 DAP 0.30 ± 0.01 ab 5.2 ± 0.8 d 1.2 ± 0.8 c 32.6 ± 3.5 b 33.8 ± 2.7 cd 
992 DAP 0.27 ± 0.02 ab 10 ± 6.9 cd 22.4 ± 2.2 ab 41.9 ± 9.4 bc 64.4 ± 10.7 abc 
Tap water + fertiliser 
0.3 m 
Initial 0.28 ± 0.02 ab 41 ± 2.4 abcd 4.2 ± 0.8 bc 8.9 ± 2.4 e 13.1 ± 2.6 d 
504 DAP 0.32 ± 0.03 ab 72.5 ± 24.4 a 6.1 ± 1.9 bc 29.2 ± 9.5 bcd 35.3 ± 11.4 cd 
992 DAP 0.32 ± 0.01 ab 64.2 ± 15.4 a 20.3 ± 6.4 abc 51.5 ± 6.6 ab 71.8 ± 10.7 ab 
0.6 m 
Initial 0.25 ± 0.03 ab 11.9 ± 3.4 bcd 3.5 ± 0.7 bc 8.8 ± 1.8 e 12.4 ± 2.3 d 
504 DAP 0.32 ± 0.0 ab 5.3 ± 0.5 d 2.8 ± 0.4 bc 24.3 ± 0.8 c 27.0 ± 0.3 d 
992 DAP 0.24 ± 0.03 b 1.8 ± 0.1 d 9.2 ± 3.1 bc 34.3 ± 0.3 b 43.5 ± 3.1 bcd 




 N and P leaching 
The mean squares for N and P leaching within the soil are reported in Table 4.8. Significant 
differences (p < 0.001) over time were found with respect to P leaching. No significant 
differences (p > 0.05) of orthophosphate P concentrations in leachates were report between the 
two irrigation treatments. There were significant interactions between irrigation treatments, 
depth and time (p < 0.05) on inorganic N concentrations leached. 
Table 4.8: Analysis of variance table showing the mean and sum of squares for inorganic N 
and P in leachates collected from the wetting front detectors (WFDs) in the field. 
Variate: Inorganic N 










 F  
Probability 
Block stratum 2   519 260    
Block*Units* stratum      
Time 14   72852 5204 *** < 0.001 
Depth 1   10291 10291 * 0.014 
Treatment 1   2661 2661  0.206 
Time*Depth 14   45213 3229 * 0.027 
Time*Treatment 14   52550 3754 ** 0.009 
Depth*Treatment 1   2152 2152  0.255 
Time*Depth*Treatment 13 -1 39972 3075 * 0.042 
Residual 111 -7 182758 1646    
Total 171 -8 351888    
Variate: Orthophosphate P 










 F  
Probability 
Block stratum 2   70 35    
Block*Units* stratum    
 
 
Time 14   2118 151 *** <.001 
Depth 1   23 23  0.23 
Treatment 1   15 14  0.34 
Time*Depth 14   26 2  1 
Time*Treatment 14   316 23  0.153 
Depth*Treatment 1   1 1  0.824 
Time*Depth*Treatment 13 -1 134 10  0.805 
Residual 109 -9 1722 16    
Total 169 -10 4327    
*p < 0.05, **p < 0.01, ***p < 0.001 
From 295 to 331 DAP there were generally high N concentrations in leachates from all 
treatments and at both sampled depths (Table 4.8). As the growing period progressed, 
concentrations stabilised in all treatments until 853 DAP. The N concentrations in the 
DEWATS effluent treatment and at 0.3 m began to rise at 899 DAP reaching a significantly 




Figure 4.3: Concentrations of inorganic N (n = 3, mean ± standard error of mean 
differences) in leachates collected from the two irrigation treatments at two depths from 295 
to 992 days after planting. 
The average concentration of inorganic P in soil leachates monitored over the period between 
295 and 992 DAP are shown in Figure 4.4. Phosphorus increased from 0.1 mg L-1 (295 DAP) 
to reach a maximum concentration of 9.97 mg L-1 (702 DAP), which later declined to a 
concentration of < 2.5 mg L-1. 
 
Figure 4.4: Boxplots showing concentration of inorganic P in leachates collected from the 
wetting front detectors between 295 and 992 days after planting; means combined for all soil 
depths and irrigation treatments.  
 Groundwater monitoring 
The water table levels measured during the experimental period are shown in Figure 4.5. The 



















Time (Days after planting)
DEWATS effluent 0.3 m
DEWATS effluent 0.5 m
Tap water + fertiliser 0.3 m
Tap water + fertiliser 0.5 m
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piezometer 2 (0.59 m below ground level) compared to the field plots piezometers (P3, 0.35 m; 
P4, 0.37 m; and P5, 0.36 m). The water levels varied in the different locations at the site i.e. P1 
(0.4 – 0.81 m below ground level), P2 (0.44 – 0.77 m below ground level), P3 (0.1 – 0.5 m 
below ground level), P4 (0.12 – 0.53 m below ground level) and P5 (0.13 – 0.46 m below 
ground level). No water was detected in piezometer P6 downslope from the field plots. 
 
Figure 4.5: Water levels in different locations of the experimental field. P1 and P2 upslope 
from the field plots; P3, P4 and P5 within the field plots; P6 downslope from the field plots. 
 Soil N and P loading and crop uptake 
The N and P supplied by fertigating the banana and taro crops with DEWATS effluent is given 
in Table 4.9. During the whole cropping period, the N and P requirements for both crops were 
met. Although there was a deficit of about 742 mm when irrigation was not done (Nov 2013 to 
May 2014), the total applied still met the crop nutrient requirements. 
Table 4.9: Nitrogen (N) and phosphorus (P) supplied by irrigation with effluent from the two 
different sources (Anaerobic filter; AF and Horizontal flow constructed wetland; HFCW) 
based on actual amounts applied over 992 days in comparison to crop nutrient requirements 
for both crops. 
Water source N P  
(kg ha-1) 
AF 1 000 220 
HFCW 239 47 
Total applied 1 239 267 
Total required 1 128 220 
The mean squares values for banana and taro plant tissue N and P concentrations are reported 
in Table 4.10 and Table 4.11. There were no significant differences (p > 0.05) in N and P uptake 
between the irrigation treatments for both banana (Table 4.10) and taro (Table 4.11). The 
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mean values for nutrients (N and P) taken up by the banana were: N (DEWATS; 3.3 % or 
553 kg ha-1 and tap water + fertiliser; 3.1 % or 533 kg ha-1) and P (DEWATS; 0.21 % or 
35 kg ha-1 and tap water + fertiliser; 0.20 % or 34 kg ha-1). In the taro crop 250 kg N ha-1 were 
taken up under DEWATS while 173 kg N ha-1 under tap water + fertiliser treatment. Taro P 
uptake was 55 kg ha-1 (DEWATS treatment) and 46 kg ha-1 (tap water + fertiliser treatment). 
Table 4.10: Mean squares for N and P concentrations from banana leaf tissues between two 
irrigation treatments over the two growing cycles. 
Source of  
variation 
Degrees of  
freedom 
N  P  
Block stratum 2 0.02 0.0005 
Block*Units* stratum   
Season 1 0.09 0.0004 
Treatment 1 0.10 0.0004 
Season*Treatment 1 0.16 0.0004 
Residual 6 0.04 0.0004 
Total 11   
Table 4.11: Mean squares for N and P concentrations from taro corm tissues between two 
irrigation treatments during the first growing cycle. 
Source of  
variation 
Degrees of  
freedom 
N  P  
Block stratum 2 0.132 0.0001 
Block*Units* stratum   
Treatment 1 0.196 0.0001 
Residual 2 0.103 0 
Total    
*p < 0.05, **p < 0.01, ***p < 0.001 
 
 Crop water requirements  
The rainfall and total evapotranspiration for the two crops (banana and taro) between planting 
(November 2013) and final harvest (July 2016) are presented in Figure 4.6. The graph shows a 
seasonal variation in rainfall and crop water demands typical of the sub-tropical climate at the 
experimental site. Higher crop water requirements were recorded during the summer months 
(September to April) compared to winter (May to August). During the study, the highest winter 
rainfall was recorded in July 2016. In July 2015 and again in July 2016 irrigation deficits were 
very low (rainfall higher than evapotranspiration). Although crop water demand was high in 




Figure 4.6: Rainfall and crop evapotranspiration (ETcrop for both banana and taro) and 
irrigation deficits at the Newlands-Mashu field site showing irrigation water demands for the 
period between November 2013 and July 2016. 
The data recorded for actual water applied with regards to the respective DEWATS effluent 
sources (AF and HFCW) is given in Appendix 10. The total amount of HFCW effluent used to 
irrigate the main banana crop and the taro first-year crop (June 2014 to May 2015) was 
1 130 mm, and thereafter AF effluent was used for irrigation (June 2015 to July 2016) such 
that 1 642 mm was applied (Appendix 10). During the entire growing period (November 2013 
to July 2016), including 6 months of no irrigation (November 2013 to May 2014), the total 
effluent used for irrigation was 2 772 mm instead of the 3 514 mm required by the crops. 
 Discussion  
 Effluent characterisation 
The characterisation of effluent from two components of the DEWATS plant reported in Table 
4.1 showed high concentrations of mineral nutrients (N and P) in the AF effluent. These later 
decreased in the HFCW effluent due to further treatment through the planted gravel filters, 
which remove N through anammox reactions and P through adsorption reactions (Kadlec and 
Wallace 2008). Increased NO3
- -N in the HFCW was attributed to aerobic treatment as the 
effluent passed through the vertical flow constructed wetland (VFCW) and then the HFCW 




































































































































































































Total ET = 5 648 mm
Total rainfall = 2 133 mm
Total Deficit = 3 514 mm




agricultural use’ while the HFCW effluent is within the slight to moderate restriction in terms 
of NO3
- -N concentrations (Pescod 1992). 
The AF effluent average COD test value of 524.5 mg L-1 reported in were within the South 
African Department of Water and Sanitation (DWS) acceptable limits of 5 000 mg L-1 for 
irrigating with 50 m3 of wastewater on any given day (DWA 2013). The values did not conform 
to the limits for using 500 and 2 000 m3 of wastewater on any given day which is supposed to 
be 400 and 75 mg L-1 respectively. Large variation of COD in AF effluent was reported; the 
median was 133.6 mg L-1 and the range 81.2 - 2 470 mg L-1. As expected, wastewater treatment 
through the anaerobic baffled reactor (ABR) and AF remove about 84 - 88 % of COD from 
domestic wastewater + blackwater (Reynaud and Buckley 2016). Therefore, large variations 
were due to variations in wastewater flow in terms of quality and quantity as reported by 
Reynaud and Buckley (2016). The COD removal in HFCW was very high, attaining a value 
acceptable for unrestricted use in agriculture according to the DWA (2013) standards, although 
there are no limits for COD in FAO standards for irrigation water quality (Pescod 1992). 
The effluent pH values were within the DWA (2013) and FAO standard limits for irrigation 
wastewater (Pescod 1992). High pH in effluent is related to increased alkalinity (Foxon 2009) 
and pH above 7.33 - 7.98 is expected in ABR and AF treatment since the anaerobic treatment 
is stopped by pH below 6.5 as reported by Reynaud and Buckley (2016). 
The FAO standard limit for unrestricted wastewater irrigation in terms of electrical 
conductivity (EC), according to FAO (1985), is 70 mS m-1 and this also applies to South 
African department of water and sanitation standards (DWA 2013). Based on wastewater 
characterisation results the EC for HFCW effluent was within the limit (Average 74 mS m-1; 
Median 70 mS m-1) although it fell within the slight to moderate degree of reuse according 
FAO standards by FAO (1985). 
 Crop growth and yield 
Fertigation using DEWATS effluent significantly (p < 0.05) increased taro and banana growth 
during the first cropping cycle (Figure 4.1 and Table 4.4). This agreed with several studies on 
fertigating with wastewater (Shahalam et al. 1998, Tak et al. 2013, Uzen et al. 2016). Taro did 
not perform well during the second cropping cycle as shown by low vegetative growth rate 
(Table 4.4) due to full banana canopy cover shading. Although the banana plant height was 
higher during second cropping cycle, lower yields were reported (Figure 4.2). This could have 
been probably due to high N application using large volumes of AF effluent (Appendix 10). It 
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has been confirmed that less treated wastewater with high N concentrations may lead to delayed 
flowering and reduced yield (Hernández-Martínez et al. 2016, Mojid et al. 2016, Pedrero et al. 
2010).  
 Soil properties 
Soil extractable P decreased with depth (Table 4.7). Phosphorus is highly immobile in most 
soils except in sands due to adsorption in the topsoil by organic matter and/or clay minerals, 
though the latter tend to be more prevalent in the B horizon, especially of acid soils. Phosphorus 
that leach from topsoil is then held lower in the profile. As a result, there is little P leaching 
except in sand soils as reported by Bame et al. (2014) using a sandy soil type. 
The NO3
- -N concentrations significantly increased over the experimental period and highest 
concentrations were reported in the 0.3 m soil depth (Table 4.7). This could be attributed to the 
poor drainage of the clay soil allowing nutrients to accumulate in the top layers. A decrease in 
NO3
- -N concentrations from planting to 504 DAP (Table 4.7) was due to low N concentrations 
from HFCW effluent used during that period. Since the AF effluent was then used from 504 to 
992 DAP, a significant increase in soil NO3
- -N was reported as the effluent was applied in high 
volumes (Appendix 10). Furthermore, the AF effluent could have supplied more dissolved 
organic matter which stimulated microbial activity that controls the nitrification process as 
reported by several authors (Bame et al. 2013, Darwesh 2015, Sahrawat 2008). 
Soil total N (organic + inorganic N) content significantly increased at 504 DAP compared to 
before planting (initial) and at 992 DAP (Table 4.7). Soils contain about 99 % of N as 
organically bound (Brady and Weil 2016). The degradation of organically bound N occurs over 
a long period of time depending on other factors such as soil type, climatic conditions, 
topography and vegetation type. Considering the experimental time frame such changes were 
not expected over such a short period and the reasons behind this observation were unclear. 
Increased soil NH4
+-N and total inorganic N occurred over time in both irrigation treatments 
(Table 4.7). The concentrations were significantly higher in the DEWATS treatment (0.3 m) 
after the second cropping cycle (992 DAP). Application of urea (tap water + fertiliser) and 
increased irrigation with AF effluent (DEWATS treatment) were the main causes. High NH4
+-N 
concentrations in the DEWATS treatment (0.3 m) during the second cropping cycle were 
caused by the high NH4
+-N content in the AF effluent used (Table 4.1) and high irrigation depth 
from 778 DAP (Appendix 10). Clay loam soils have high cation exchange capacity (CEC) 
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hence retain positively charged cations such as NH4
+ (Levy et al. 2011), allowing its 
accumulation in the upper layer (0.3 m) of the soil profile. Bame et al. (2013) used the same 
soil and reported high NH4
+-N retention in their laboratory column study. The authors attributed 
NH4
+-N retention in the Se soil to fixation by clay soils due to their high CEC. 
 N and P leaching 
Fertigation using DEWATS effluent commenced from 201 DAP and leachates were collected 
from 295 DAP. High N concentrations in all treatments were reported during the period 
between 295 and 331 DAP (Figure 4.3). This was attributed to mineralisation and nitrification 
after soil disturbance around the WFDs and low uptake by plants as reported by Fessehazion 
et al. (2011). As the growing period progressed, concentrations stabilised in all treatments until 
853 DAP before they began to increase, especially in the DEWATS effluent plots (0.3 m 
depth), due to increased fertigation using AF effluent (Appendix 10). High rainfall events in 
July and August 2016 (Figure 4.6; Appendix 10) coupled with high irrigation depth (Figure 
4.6) did not move N concentrations downwards as expected. Low N movement to lower soil 
depths was attributed to low solute movement in the clayey soil and other losses (N2, N2O and 
NO gases by the process of denitrification, and NH3 gas through volatilisation). Comparable 
results have also been reported by Musazura et al. (2015) on the same site. 
Variations in leachate P concentrations over time were found (Figure 4.4). Soil P can either be 
sparingly available or permanently fixed. The sparingly available P (precipitated or adsorbed) 
is in equilibrium with solution P. The dissolution and adsorption of P from the soil colloids is 
affected by soil pH, mineralogy, presence of competing anions as well as P concentrations in 
the soil and uptake by crops (Fink et al. 2016). Changes in soil solution P concentration from 
leachates over time could have been attributed to variations in uptake demands by plants over 
the growing cycle. Phosphorus uptake by plants trigger replenishment through dissolution and 
desorption from soil colloids. 
 Groundwater monitoring 
Groundwater levels (Figure 4.5) ranged between 0.1 – 0.8 m below ground. Whereby the 
upslope (P1 and P2) where much deeper than within the field (P3 – P5). This was attributed to 
high clay content of the subsoil and the presence of 2:1 expanding clays (Bame et al. 2013) and 
continuous irrigation within the field, which increased the perched water table. The 
accumulation water in the perched water table can be controlled through irrigation scheduling 
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considering crop water requirements with room for rainfall. If the water in the perched water 
table percolates down the soil it contaminates the groundwater. This is less likely to happen 
due to the clay soil nature and continuous irrigation which prevent cracking of expanding clays 
at the site. Low deep percolation of water provides adequate time for losses through 
evapotranspiration and increase uptake of N and P by crops. The risk to nearby surface water 
pollution is through downslope subsurface flow during rainy season towards the low point on 
the landscape, which is the river. This can be alleviated by installation of subsurface drainage 
to remove away excess water. However, in this study water was not detected in the piezometer 
outside the field near the river (P6), implying that the water the water table was deeper than the 
piezometer. 
 Soil N and P loading and crop uptake 
The N and P applied met all the crop fertiliser requirements (Table 4.9). According to DEC 
(2004) if nutrients exceed crop requirements they become environmentally hazardous. As for 
P, it might meet the crop requirements but not bio-available due to precipitation and adsorption 
reactions in the soil. Therefore, the application of DEWATS effluent was environmentally 
sustainable.  
The lack of significant differences in plant tissue N and P and dry biomass between the two 
irrigation treatments for both banana and taro is a further evidence that the DEWATS effluent 
supplied adequate nutrients for these crops. These results conform to studies by other authors 
who worked with different effluents and crops (Almuktar et al. 2015, Bame et al. 2014, Fonseca 
et al. 2007).  
 Crop water requirements and land area  
The total amount of effluent production by the DEWATS plant at Newlands Mashu 
is 35 m3 day-1 (12.5 ML year-1). If the crops could have been irrigated during the whole 
experimental period, an amount of 3 514 mm (1 277 mm year-1) was required. Thus, to use all 
the effluent produced based on crop water requirements about 0.97 ha of land would be 
required. Considering that there are 83 households and five people per household, 
1 170 m2 household-1 (23.3 m2 person-1) would be needed. During wet periods effluent can be 
stored for later use and based on the calculations made in Figure 4.6 with reference to the 
climate at Newlands-Mashu about 211 mm year-1 (770 m3) of excess effluent will be produced. 




The AF effluent contains high concentrations of N and P than the HFCW. The effluent 
complies with the DWS and the FAO standards for wastewater irrigation in terms of COD, N 
and P, pH and EC. There were no significant differences in N and P uptake, crop growth and 
yield by the two crops (banana and taro) regardless of the irrigation treatment. Use of DEWATS 
effluent significantly increased inorganic N and P, especially in the 0.3 m depth of the soil. 
Phosphorus leaching did not significantly differ between the two irrigation treatments during 
the growing seasons. Very high concentrations of N were found in leachates from the 
DEWATS treatment within the 0.3 m soil depth. The site water table was generally shallow, 
ranging from 0.1 - 0.8 m below ground level. The occurrence of a perched water table as 
shallow as 0.1 m below ground level was of environmental benefit since the water was not 
draining deeper and moving laterally. Risks to surface water contamination can be minimised 
through on farm management practices such as installation of subsurface drainage, irrigation 
scheduling with room for rainfall and the use of high efficiency irrigation systems such as drip 
irrigation. Over the 992 days period banana and taro required 3 514 mm of effluent. An area of 
117 m2·household-1 (23.3 m2·person-1) is needed under the conditions studied at Newlands-
Mashu. Storage requirements needed during wet periods were calculated to be about 
767 m3 (9.2 m3·household-1 or 1.9 m3·person-1). The HFCW effluent is an important source of 




 NITROGEN AND PHOSPHORUS FLUXES, AND CROP UPTAKE IN 
THREE SOILS FERTIGATED WITH DEWATS EFFLUENT TO FIELD 
CAPACITY. 
 Introduction 
The use of treated wastewater in agriculture has been recommended as a major way to fulfil 
MDG number seven of fighting against hunger (WWAP 2017). Practical guidelines that will 
be used to inform policy makers on how to maximise benefits and mitigate risks must be 
developed for an effective wastewater use programme in agriculture (Pescod 1992). Practical 
guidelines consider technical aspects such as land area requirements, soil types, buffer zones, 
storage and transportation of the effluent (Pescod 1992, USEPA 2012).  
Fertigation using wastewater can be done following scheduling which considers crop water 
requirements at different stages of growth (Pescod 1992, Qadir et al. 2013, USEPA 2012). 
There are different approaches for scheduling irrigation. These can be room for rainfall, 
maintenance of field capacity, leaching requirement and application of fixed amount 
(Annandale et al. 1999a). Different scheduling methods are applicable in different scenarios, 
for example in areas where water is scarcely available application to meet crop water 
requirements while giving room for rainfall can be used. However, there are some situations in 
which water is in excess, for example, during wet seasons the effluent production is high and 
crop water requirements are low. There is need for ways in which effluent can be managed. 
Irrigation methods such as maintenance of field capacity may be opted for. 
The DEWATS effluent contains nitrogen (N) and phosphorus (P) (Gutterer et al. 2009), which 
may accumulate in the soil with continuous irrigation. Nitrogen and phosphorus dynamics in 
the soil are affected by variable soil conditions, driven by numerous soil physical, chemical 
and microbiological properties (Brady and Weil 2016, Feigin et al. 2012), which influence their 
accumulation, transformation and movement in the soil (Bame et al. 2014). Accumulation of 
nutrients in the soil is also driven by effluent quality and quantity (Pescod 1992). Poor on-farm 
irrigation management practices using wastewater may pose environmental risks due to 
nutrient leaching and/or surface runoff to nearby rivers (Qadir et al. 2013, Sharpley et al. 2001, 
USEPA 2012).  
Some studies have been conducted on the behaviour of DEWATS effluent in three soils of 
KZN under laboratory column conditions (Bame et al. 2013), and with maize (Bame et al. 
2014) and Swiss chard (Musazura 2014) in pot experiments. The nutrient (N and P) movement 
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in soil under DEWATS effluent irrigation were investigated in field studies (Chapter 4). 
Studies were limited to one site hence extrapolation of field investigation to other areas with 
contrasting soils is achievable through pot studies.  
According to Canadian (AE 2000) and Australian governments guidelines (DEC 2004) 
wastewater fertigation may be done following different approaches which are (i) semi reuse 
that considers discharge when wastewater is excess, (ii) full reuse considers storage of excess 
wastewater and its use later (iii) full reuse that considers over-application when effluent is in 
excess followed by nutrient monitoring schemes. Furthermore, more information on fertigating 
crops with DEWATS effluent to field capacity, aiming to utilise excess effluent and influence 
of different soil type to environmental pollution is required and forms the major aim of this 
study. Specific objectives of the study were to (i) investigate growth and nutrient uptake of 
banana irrigated with DEWATS effluent, (ii) investigate the effects of irrigating with 
DEWATS effluent to field capacity on N and P loading in soils, and (iii) determine the effect 
on soil chemical properties and N and P leaching. 
 Materials and methods  
These have been described in Section 3.3 in Chapter 3. 
 Results  
 Crop growth and yield 
Mean squares for the effects of different irrigation treatments and soil type on banana growth 
(plant height and total leaf area) are given in Table 5.1. There were significant differences in 









Table 5.1: Mean squares banana growth rate (plant height and total leaf area) between the 
two irrigation treatments in three different soils over the experimental period (992 days). 
Source of 




height   
Total  
leaf area   
Time 3   1.9 *** 35 *** 
Treatment 1   0.4 *** 0  
Soil 2   1.4 *** 46.7 *** 
Time*Treatment 3   0  0.3  
Time*Soil 6   0  7.3 *** 
Treatment*Soil 2   0.3 *** 3.4 * 
Time*Treatment*Soil 6   0  1  
Residual 63 -9 0  0.7  
Total 86 -9     
Significant difference at 5 % level*, 1 % level**,0.01 level*** 
The banana growth rate (total leaf area and plant height) during the vegetative stage is shown 
in Figure 5.1. Growth rate was higher in the Se soil compared to Ia and Cf soil for all irrigation 
treatments. The total leaf area declined from 588 days after planting but remained higher in Se 
followed by Ia and Cf soils. 
 
Figure 5.1: Total leaf area and plant height of banana (n = 4; mean ± standard error of 
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Tapwater + fertiliser Inanda
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The analysis of variance table for the effects of different irrigation treatments and soil types on 
banana biomass over the 728 days growing period is shown in Table 5.2. The fresh mass 
differed significantly differed (p < 0.05) between the two irrigation treatments and three soil 
type. Dry mass also showed a significant difference (p < 0.001) among three soils (Table 5.2). 
Table 5.2: Mean squares for banana fresh and dry biomass between the two irrigation 
treatments and three contrasting soil recorded after harvesting (728 days after planting). 
Source of  
variation 
Degrees of  
freedom 
Missing  
values Fresh mass    Dry mass    
Treatment 1   467604  62763  
Soil type 2   38120676 *** 1049322 *** 
Treatment*Soil type 2   4815376 * 138195  
Residual 14 -4 837615  38471  
Total 19 -4     
The interaction between soil type and irrigation treatment on banana plant height, total leaf 
area, fresh and dry biomass after harvesting is presented in Table 5.3. The plant height and total 
leaf area were significantly high in Se compared to other soils for both irrigation treatments. 
These plant growth variables were also comparable between the two irrigation treatments under 
Ia soil as well as to Cf soil fertigated with DEWATS effluent. Least plant height and total leaf 
area were reported in Cf soil in tap water + fertiliser treatment.  
The fresh and dry biomass of banana measured at harvest (728 days after planting) are also 
reported in Table 5.3. Both fresh and dry biomass were significantly high in Se soil under tap 
water + fertiliser treatment. Dry biomass in Ia soil was significantly higher in tap water + 
fertiliser treatment compared DEWATS treatment. On the other hand, both fresh and dry 
biomass were significantly higher in Cf fertigated with DEWATS effluent compared to tap 
water + fertiliser treated. 
Table 5.3: Banana plant height, total leaf area and fresh and dry biomass (728 days after 
planting) on three soils under different irrigation treatments (n=3; mean ± standard error of 
mean differences). 
Treatment 











 Cartref 0.92 ± 0.06
b 2.04 ± 0.29b 4 480 ± 559d 560 ± 65d 
DEWATS Inanda 0.90 ± 0.07b 2.07 ± 0.19b 6 500 ± 284c 911 ± 124c 
 Sepane 1.12 ± 0.08
a 3.62 ± 0.45a 7 188 ± 210b 1 001 ± 69bc 
 Cartref 0.56 ± 0.08c 1.29 ± 0.31c 2 450 ± 401e 359 ± 70e 
Tap water + fertiliser Inanda 0.78 ± 0.09b 
1.88 ± 
0.37cb 
6 767 ± 775abc 1 171 ± 131ab 
 Sepane 1.15 ± 0.08
a 4.22 ± 0.64a 8 113 ± 633a 1 249 ± 186a 
Superscripts that are different within a column indicate significant differences (p < 0.05). 
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 Soil properties 
Mean squares for soil chemical properties after harvesting (728 days after planting) are given 
in Table 5.4. Significant differences (p < 0.001) between soils were found with respect to total 
N, organic C and P. Soil P content also significantly differed (p < 0.01) between the irrigation 
treatments. There was a significant (p < 0.01) interaction between irrigation treatments and soil 
type on soil NH4
+-N content. 
Table 5.4: Means squares for soil chemical properties in the tunnel 728 days after planting 
amongst the three contrasting soils and two irrigation treatments. 
Source of  
variation 
Degrees of  
freedom Total N  NO3
- -N  NH4
+-N   Org. C Extr. P 
Soil  
pH 
Soil 2 0.3*** 206 103 37*** 11915*** 0.1 
Treatment 1 0 223 2078 0.1 1393** 0 
Soil*Treatment 2 0 6 439.3** 0.1 178 0 
Residual 12 0 183 139 0.4 99 0 
Total 17       
* P < 0.05; ** P < 0.01; *** P < 0.001 
Org. C is the organic carbon 
Extr. P is the extractable P 
Comparison of total N, P and organic C concentrations in the three soils after harvest and before 
planting are presented for all irrigation treatments in Table 5.5. Total N and organic C contents 
followed the order Ia > Se > Cf. Soil P content was significantly (p < 0.001) higher in the Se 
compared to the Ia and Cf soils. The soil P did not significantly increase in Ia soil compared to 
other soils. 
Table 5.5: Concentrations of total N, organic C and P in the soils after harvesting (n = 8; 
mean ± standard error of mean differences). 
Soil type Treatment N % P mg/kg Org. C %   
Cartref Initial 0.05 ± 0 a 0.7 ± 0.2 a 0.5 ± 0.03 a 
 DEWATS 0.06 ± 0.01 
a 28.5 ± 8.8 c 0.9 ± 0.2 b 
 Tap water + fertiliser 0.06 ± 0.01 
a 9.5 ± 1.1 b 0.9 ± 0.2 b 
Inanda Initial 0.6 ± 0.03 d 11.7 ± 3.5 b 6 ± 0 e 
 DEWATS 0.6 ± 0.04 
d 19.9 ± 1.5 c  6 ± 0 e 
 Tap water + fertiliser 0.5 ± 0.09 
d 13.8 ± 2.0 b  5.6 ± 0.4 e 
Sepane Initial 0.29 ± 0.04 b 39.3 ± 3.0 c 2.9 ± 0.2 c 
 DEWATS 0.34 ± 0.04 
c 108 ± 3.8 d 3.9 ± 0.6 d 
 Tap water + fertiliser 0.31 ± 0.05 
bc 81.2 ± 10.0 d 3.7 ± 0.5 d 




A boxplot for soil P concentrations in the two irrigation treatments is shown in Figure 5.2. The 
mean and median values for P content in the DEWATS treatment were higher than in the tap 
water + fertiliser treatment. This also applied to the ranges which were 10.9 - 116 mg L-1 
(DEWATS) and 7.4 - 94.8 mg L-1 (tap water + fertiliser). 
 
Figure 5.2: Boxplots showing mean (x) and distribution of quartiles in orthophosphate P 
concentrations (n = 12; mean ± standard error of mean differences) between the two 
irrigation treatments. 
The NH4
+-N concentrations in the three different soils and irrigation treatments are described 
in Figure 5.3. Fertigation with DEWATS effluent significantly increased NH4
+-N content in all 
soils compared to tap water + fertiliser treatment. The least NH4
+-N concentrations values were 
found in the Cf and Se soils under the tap water + fertiliser treatment. 
 
Figure 5.3: Concentrations (n = 4; mean ± standard error of means) of ammonium N in the 
three soils after harvesting from the two irrigation treatments. 
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 N and P leaching 
Significant differences (p < 0.001) in the drainage rates between the three soils are shown in 
Figure 5.4. The sandy Cf had the highest drainage rate followed by Ia and the Se. 
 
Figure 5.4: Drainage rates for the three soils, monitored during the banana growing 
cropping cycle (n = 6; mean ± standard error of mean differences). 
The analysis of variance table in Table 5.6 shows the N and P leaching results for the different 
soils and irrigation treatments during the experimental period. There were significant 
differences in P leaching between the soils (p < 0.05). A significant interaction (p < 0.001) 
between soil type and irrigation treatment on N leaching over time was also reported. 
Table 5.6: Analysis of variance table showing mean squares for inorganic N and P leached 
from the pots. 







leached    
N  
  P   
Time 5   0.1  8.9 *** 0.004 *** 
Soil 2   21.7 *** 1.5 * 0.001 * 
Treatment 1   0  6.2 *** 0  
Time*Soil 10   0.1  1.6 *** 0  
Time*Treatment 5   0.4  5.1 *** 0  
Soil*Treatment 2   0.5  1.8 * 0.001  
Time*Soil*Treatment 10   0.3  2.1 *** 0.001  
Residual 72 -36 0.3  0.4  0  
Total 107 -36       
* P < 0.05; ** P < 0.01; *** P < 0.001 
The P leached from each pot amongst the three soils are therefore shown in Figure 5.5. In soils 





Figure 5.5: Amounts of orthophosphate (P) leached from the three soils between the two 
irrigation treatments (n=24; mean ± standard error of mean differences). 
The interaction between soil type and irrigation treatment over time on N leached is shown in 
Figure 5.6. Very high N leaching occurred in Se soil under the tap water + fertiliser treatment 
compared to DEWATS effluent. Comparisons amongst different soils within the DEWATS 
effluent treatment showed that N leaching was higher in Ia than the Se and Cf soils. 
 
Figure 5.6: Interaction between irrigation treatment and soil type on the amount of nitrogen 
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 Soil N and P loading and crop uptake 
The irrigation depth for effluent applied to banana in the growing tunnel compared to crop 
water requirements are described in Figure 5.7. The irrigation was generally higher than the 
crop water requirements (Etcrop) throughout the whole growing period. 
 
Figure 5.7: Irrigation applied (depth) and crop water requirements for banana plants in the 
tunnel. 
The volumes of effluent applied during the banana growing period and respective contribution 
to N and P are given in Table 5.7. More AF effluent was applied compared to HFCW effluent. 
The use of AF effluent provided more N and P than HFCW. 
Table 5.7: The volumes of effluent from the horizontal flow constructed wetland (HFCW) and 
the anaerobic filter (AF) and the amounts of total nitrogen (N) and phosphorus (P) supplied 
during the growth period (728 days). 
Time Effluent source Irrigation  N P 
  (L) (mg kg
-1 of soil in pots) 
April 2015 - October 2015 HFCW 178 58 13 
November 2015 - February 2017 AF 815 779 135 
Total HFCW + AF 993 837 148 
The amounts of N and P applied through fertigation using DEWATS effluent in relation to the 
crop fertiliser requirements are shown in Table 5.8. During the study period more N and P were 
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Table 5.8: The N and P applied through fertigation using DEWATS effluent over 728 days in 
comparison to crop fertiliser requirements. 
Soil type Required  Applied  
 N P N P 
 (mg kg-1 of soil in pots) 
Cartref 58 4.6 837 148 
Inanda 100 10 837 148 
Sepane 70 0 837 148 
The banana plant tissue nutrient concentrations in all soils and irrigation treatments are reported 
in Table 5.9. There was a significant difference (p < 0.001) in P uptake between soils. A 
significant (p < 0.001) difference in N and P uptake between the irrigation treatments was also 
reported. 
Table 5.9: Mean squares for banana leaf tissue N and P concentration between the two 
irrigation treatments at 728 days after planting. 
Source of  
variation 
Degrees of  
freedom 
Missing  
values N    P    
Soil type 2   0.3  0.01 *** 
Treatment 1   3.4 *** 0.01 *** 
Soil type*Treatment 2   0.2  0  
Residual 12 -6 0.1  0  
Total 17 -6     
* P < 0.05; ** P < 0.01; *** P < 0.001 
Table 5.10 shows the concentrations of banana leaf tissue N and P concentrations between the 
two irrigation treatments. There were significantly (p < 0.01) higher banana plant tissue N and 
P concentrations in crops fertigated with DEWATS effluent compared to the tap water + 
fertiliser. Very high P concentrations were reported under sepane soil under DEWATS effluent 
fertigation. 
Table 5.10: Banana plant tissue nitrogen (N) and phosphorus (P) concentrations as a 
function of irrigation treatment and soil type (n=9; mean ± standard error of mean 
differences). 
Treatment Soil type N (%) P (mg kg) 
DEWATS effluent 
Cartref 0.029 ± 0.002 c 17 ± 1.5 c 
Inanda 0.030 ± 0.002 c 18 ± 1.5 c 
Sepane 0.028 ± 0.002 c 22 ± 0.6 d 
Tap water + fertiliser 
Cartref 0.018 ± 0.001 a 13 ± 1.2 a 
Inanda 0.025 ± 0.002 b 12 ± 0.6 b 
Sepane 0.022 ± 0.001 b 19 ± 1.5 c 





 Crop growth and yield 
The DEWATS effluent increased banana vegetative growth (plant height, dry mass and leaf 
area) in the Cf soil, although highest growth occurred in the Se soil (Figure 5.1 and Table 5.3). 
This was due to nutrients supplied through fertigation (Table 5.8) and their subsequent uptake 
by crops (Table 5.10), which agreed with several studies using the same type of wastewater 
(Bame et al. 2014) and other types of  wastewaters (Herpin et al. 2007, Khurana and Singh 
2012, Mohammad and Ayadi 2004). Banana yield could not be determined due to delayed and 
erratic flowering exceeding the experimental time frame. Delayed flowering is caused by 
excess N and this has been reported in literature as one issue of concern when using treated 
wastewater for irrigation (Jaramillo and Restrepo 2017, Pedrero et al. 2010, Pescod 1992). In 
this case the reasons behind delayed flowering was not well understood and could not be 
attributed to excessive N from DEWATS effluent since this was also evidenced in tap water + 
fertiliser treatment, which received recommended amounts of N. 
 Soil properties 
Total N and organic C were very high in Ia than Se and Cf soils regardless of irrigation 
treatment (Table 5.5). About 99 % of the total soil N is organically bound and its degradation 
is a long-term process which may occur over 10 or more years (Brady and Weil 2016). The 
same applies to the soil organic matter, whose degradation time depend on its nature. Therefore, 
differences in total N and organic C concentrations in these three soils were attributed to their 
initial concentrations (Table 3.4). The same applies to results reported in Chapter 4 under Se 
soil. 
High soil P content in Se soil compared to Ia and Cf reported in Table 5.5 was probably due to 
low drainage of the soil and retention by soil Al/Mn/Fe minerals. According to findings by 
Bame et al. (2013) Ia soils retain more P due to their high organic matter and Al oxide content 
while Cf loses more due to its coarse texture, but Table 5.5 showed that P content was 
comparable between Ia and Cf soils. Comparisons between the irrigation treatments showed 
that soil P content significantly increased in the DEWATS treatment compared to tap water + 
fertiliser treatment regardless of soil type (Figure 5.2). Soil P content were comparably higher 
after harvesting than respective initial values (Table 5.5) due to volumes of effluent used for 
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irrigation (DEWATS treatment) and application of inorganic fertiliser (tap water + fertiliser 
treatment) as well as the immobile nature of P in soils. 
The NH4
+-N concentrations increased significantly in all soils under DEWATS effluent 
irrigation (Figure 5.3). This is expected in soils with high cation exchange capacity (CEC) due 
to adsorption by the soil colloids as reported in Chapter 4 and other authors (Bame et al. 2013, 
Hernández-Martínez et al. 2016). On the other hand, NH4
+-N content also increased in the low 
CEC Cf, probably due to AF effluent loading (Table 5.7). Similar findings were reported by 
Tsiknia et al. (2014) using olive mill wastewater. Volatilisation of soil NH4
+ occurs at pH above 
7 (Dendooven et al. 1998). The pH values for all soils used in the study ranged between 4.11 
and 5.20 (Table 3.4) hence pH driven volatilisation losses were very low.  
 N and P leaching 
Soil drainage rates monitored during the study showed, as expected, that the Se (clayey) had 
the least drainage followed by the Ia and the Cf (sandy) (Figure 5.4).  
The leaching of P was high in Cf compared to the other two soils (Figure 5.5) due to higher P 
sorption capacity of Se expanding soils as reported in Chapter 4. High organic matter in Ia soils 
retains soil P thereby leaving less available for leaching as reported by Bame et al. (2013). 
More N was leached from the tap water + fertiliser treatment in the Se soil at 181 DAP (Figure 
5.6). This could have been attributed to fast hydrolysis of the urea and N leaching due to water 
applied soon after application of urea, which was split applied. In DEWATS effluent fertigated 
soil low N leaching losses from the Se and Cf soils compared to the Ia were probably due to 
the lower N content in these soils (Table 3.4). According to Egiarte et al. (2006) high 
concentrations of NO3
-
 in leachates results from nitrification especially in acidic soils. 
Therefore, high N leaching from the Ia soil (DEWATS) was likely to be caused by fast 
nitrification resulting from acidity of that particular soil as explained by Bame et al. (2013).  
 Soil N and P loading and crop uptake  
High banana leaf tissue N and P concentrations in DEWATS effluent treatment (Table 5.10) 
are directly linked to nutrients applied through fertigation (Table 5.8) and retained in the soil 
(Figure 5.3 and Table 5.5). This agreed with studies by Johns and McConchie (1994) using 
treated domestic wastewater. Critical ranges for banana plant tissue nutrient sufficiency are 
2.7 – 3.6 % N and 0.16 – 0.27 % P (de Mello Prado and Caione 2012). Despite receiving high 
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amounts of N and P through DEWATS irrigation (Table 5.7), the N and P concentrations in 
banana did not exceed 2.9 and 0.19%, respectively. This may be because plants take up 
nutrients during their growing period until an optimum concentration is attained (de Mello 
Prado and Caione 2012), as well as leaching and volatilisation of N and non-availability of P 
(Bame et al. 2013, Bame et al. 2014). 
 Conclusions  
Crop growth significantly increased in Cf soil fertigated with DEWATS effluent. Fertigation 
with AF effluent up to soil field capacity loaded more N and P to the soil, which even exceeded 
crop fertiliser requirements. Soil extractable P and NH4
+-N increased significantly in all 
DEWATS effluent fertigated soils. Soil P leaching differed between soils, Cf soil losing more 
compared to Ia and Se. There was a significantly high N leaching in tap water + fertiliser 
treatment than in DEWATS effluent treatment. Nitrogen leaching differed amongst three soils 
under DEWATS effluent irrigation, highest leaching was reported in Ia soil compared to other 
soils. Therefore, acidic and sandy soils are at high risk to environmental pollution when 
fertigated with DEWATS effluent to field capacity. To manage nutrient leaching in such soils, 
irrigation practices such as applying to meet crop water requirements giving room for rainfall 
are recommended than maintaining field capacity. The banana leaf tissue N and P 
concentrations were significantly higher in DEWATS effluent compared to tap water + 




 MODELING WATER, N AND P DYNAMICS IN SOIL FERTIGATED 
WITH DEWATS EFFLUENT. 
 
 Introduction  
The use of wastewater in agriculture is done following robust practical guidelines. Practical 
guidelines are developed using information such on technical feasibility of water reuse, impacts 
on the environment, human health and social acceptance (DEC 2004, FAO 2013, Pescod 1992, 
Seshadri et al. 2014a). As discussed in Chapter 4 and 5, technical information required includes 
land area, annual effluent production, crops and effects on different soils. The behaviour of N 
and P in soils under wastewater irrigation and their effects on the environment must 
continuously be monitored (DEC 2004, Qadir et al. 2013, USEPA 2012).  
Some work has been done on technical assessments for irrigation with DEWATS effluent and 
potential environmental effects based on nutrient dynamics in the soil (Chapter 4), and the 
ability of different soils to absorb effluent volumes and environmental impacts (Chapter 5). 
However, the development of robust guidelines for the use of wastewater in agriculture can be 
done through a series of experiments in different locations (contrasting soils, weather patterns 
and locational dynamics) and different crop types, which is expensive (Pescod 1992). Tools 
that can be used by policy makers to assist in decision making process are required. 
Crop models are used as extrapolation tools to explain different systems based on experimental 
data (Chanter 1981, Probert et al. 1995) and they must be calibrated and validated for accurate 
simulations (Arnold et al. 2012). Different models have been used for simulating water and 
nutrient processes in agricultural systems to mention a few; Hydrus (Šimunek et al. 2012), 
agricultural production systems simulator model (APSIM) (Keating et al. 2003), CROPWAT 
(Stancalie et al. 2010) and the Soil Water Balance (SWB-Sci) (Tesfamariam et al. 2015). 
The SWB-Sci is a water, salt and nutrient balance, irrigation scheduling model which make use 
of the soil-plant-atmosphere continuum (Jovanovic et al. 1999). The model has been used 
extensively in water, salt and nutrient monitoring studies (Annandale et al. 2001, Fessehazion 
et al. 2014, Tesfamariam et al. 2015). Its ability to calculate water balances and simulate 
nutrient dynamics makes it a vital tool for determining land area requirements and potential 
environmental risks in crops fertigated with wastewater. 
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The SWB-Sci model has never been calibrated and validated to simulate water and nutrient 
dynamics in soils fertigated with DEWATS effluent under banana cropping. This study 
therefore, aimed to calibrate and validate the SWB-Sci model for the simulation of water, N 
and P dynamics in soil fertigated with DEWATS effluent. The specific objectives of the study 
were to (i) calibrate and validate the SWB-Sci model, (ii) use nutrient (N and P) balance results 
to explain the potential environmental effects of fertigating with DEWATS effluent, (iii) the 
water balance results in determining land area requirements. 
 Materials and methods 
Model description and methodologies followed to calibrated and validate the SWB-Sci model 
are reported in Chapter 3 (Section 3.6). 
 Results  
 Model calibration 
6.3.1.1 Crop growth 
Simulation results for the leaf area index, total harvestable dry mass, crop height and crop N 
uptake in tap water + fertiliser treated banana are given in Table 6.1. All the growth variables 
and nutrient uptake met all statistical criteria for model accuracy proposed by De Jager (1994). 
Table 6.1: Calibration of the SWB-Sci model based on banana leaf area index, top and 
harvestable dry mass, crop height and N uptake from tap water + fertiliser treatment. 
Variable n r2 D RMSE MAE (%) 
Leaf area index 6 0.93 0.97 0.3 19 
Top and harvestable dry mass 6 0.99 0.99 0.7 14 
Crop height  7 0.9 0.96 0.2 11 
Crop N uptake 6 0.99 0.99 14.5 13 
N is the sample number; r2 is the correlation coefficient, D is the Willmott’s coefficient of agreement, RMSE is the root mean standard error; 
MAE is the mean absolute error. 
6.3.1.2 Profile water content 
The measured soil profile water content during the banana growing period was plotted against 
the simulated water content (Figure 6.1). The model showed a good fit between simulated and 




Figure 6.1: Soil profile water content measured by the CS 650 Campbell soil moisture 
reflectometers and simulated profile water content at the Newlands-Mashu field experiment. 
6.3.1.3 Mobile N and P 
The SWB-Sci calibration results for NO3
-
 and labile P in tap water + fertiliser treatment are 
reported in Figure 6.2. The NO3
-  concentrations were initially well simulated, however as the 
season progressed the model began to overestimate. There were some other periods when the 
simulated and measured data agreed with each other and other periods where they followed a 
similar pattern. 
The labile P was initially underestimated but the model began to overestimate as from 447 days 
after planting. Similarly, to NO3
-
 concentration observations, there were other periods when 

































Figure 6.2: Simulated and measured nitrate (NO3
-) concentrations at 0.3 and 0.5 m soil depths 
for the tap water + fertiliser treatment. 
 Model validation 
6.3.2.1 Crop growth 
An independent set of data from the DEWATS treatment was used to validate the SWB-Sci 
model. The statistical analyses results of the measured vs simulated data are reported in Table 
6.2. The statistical parameters for almost all the parameters of interest (leaf area index, top and 
























































































Table 6.2: Validation of the SWB-Sci model based on banana leaf area index, top and 
harvestable dry mass, crop height and N uptake using an independent dataset from DEWATS 
treatment. 
Variable n r2 D RMSE MAE (%) 
Leaf area index 6 0.91 0.97 0.3 22 
Top and harvestable dry mass 6 0.98 0.99 0.8 16 
Crop height  7 0.9 0.96 0.3 20 
Crop N uptake 6 0.95 0.98 19.9 13 
6.3.2.2 Mobile N and P 
The validation of the SWB-Sci model using N and P concentrations from the DEWATS 
effluent treated soil measured at Newlands-Mashu are presented in Figure 6.3. The NO3
-
 
concentrations were sometimes overestimated for instance 315, 815 and 980 days after planting 
(0.3 m depth) and from 349 days after planting at 0.5 cm depth. 
The labile P concentrations were initially overestimated. These were then underestimated as 
the experiment progressed. There were some periods when the measured data agreed with 
simulated data especially from 349 – 702 days after planting (0.3 m) and 398 days after planting 
(0.5 m depth). There were also other periods when the simulated labile P concentrations agreed 
with measured data which had very large standard errors especially from 447 days after 





Figure 6.3: Simulated and measured mobile NO3
- and labile P concentrations at 0.3 and 
0.5 m soil depths for the DEWATS effluent fertigated soil. 
 N and P modelling 
6.3.3.1 Residual N and P 
Accumulation of residual inorganic N (NO3
-
) and labile P concentrations in the soil was also 
simulated (Figure 6.4). Residual NO3
-
 and P concentrations increased rapidly as time 
progressed in soils treated with DEWATS effluent compared with tap water + fertiliser 
treatment. The build-up of NO3
-
 concentrations in the DEWATS treated soils was more 
imminent at 0.2 m depth below the soil surface than other layers. Similarly, the NO3
-
 
concentrations in the tap water + fertiliser treated soil was also higher in the 0.2 m depth below 

























































































Figure 6.4: Simulated residual N (NO3
-) and P (PO4
3-) concentrations for irrigation with 
DEWATS effluent and tap water + fertiliser at different depths (0.1 to 1.1 m) in the Sepane soil 
at Newlands-Mashu over 992 days. 
6.3.3.2 Nitrate leaching 
The SWB-Sci simulated cumulative NO3
-
 (N) leached from the soil for the two irrigation 
treatments over a period of 992 days was reported (Figure 6.5). High concentrations of nitrate 
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Figure 6.5: Simulated concentration of NO3
- leached from the Sepane soil fertigated with 
DEWATS effluent and tap water + fertiliser over a period of 992 days. 
 Land area determination 
The land area requirement for three different soils to absorb the volumes of effluent produced 
by the DEWATS based on crop water requirements are shown in Table 6.3. More land is 
required for cartref (Cf) and inanda (Ia) soils than sepane (Se) soil.  
Table 6.3: Land area requirements in three different soils based on crop water requirements 











Cartref 1 473 23 900 290 58 
Inanda 1 616 21 700 260 52 
Sepane 2 111 16 700 200 40 
 Discussion 
 Model calibration and validation 
The reliability of a model depend on its sensitivity (van der Laan et al. 2014). The statistical criteria 
for model accuracy proposed by De Jager (1994) were met with regards to crop growth, N uptake and 
profile water content. According to van der Laan et al. (2014) soil profile volumetric water content has a 
significant effect on inorganic N leaching than the drainage factor. This therefore relate to the ability of 
the model to accurately simulate N movement in the soil profile. However, based on the findings reported 
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to measured ones. This is typical of these variables due to complexities in their transformations and soil 
heterogeneity as reported by van der Laan et al. (2010) and Fessehazion et al. (2014). 
According to van der Laan et al. (2010) different sensors are used to sample different components of soil 
NO3
-
. Suction cups measure NO3
-  in resident water and WFDs measure draining water. The authors found 
better estimates if suction cups are used together with WFDs. They concluded that the SWB-Sci model 
can be used for accurately simulating long term NO3
-
 leaching after calibration using site specific data set. 
Even though there are limitations in calibrating the model using measured NO3
-  concentrations, the 
authors further reported that soil water content, crop N uptake and crop growth simulations are adequate. 




 Residual inorganic N and P 
Very high concentrations of simulated resident NO3
- −N in DEWATS effluent compared to tap 
water + fertiliser (Figure 6.4) were due to high concentrations of inorganic N applied through 
fertigation (Appendix 10). The high accumulation of NO3
-
 at 0.2 m depth below the soil surface 
for both the DEWATS and inorganic fertiliser treated soils indicate the low drainage losses of 
water from high clay content soils at the study site. The soils in the study site are rich in clay 
minerals with high expanding capacity (montmorillonite and smectite) as reported in Chapter 
4. Despite heavy rainfalls and high irrigation application around 880 days after planting (June 
and July 2016) see Appendix 10, NO3
-
 concentrations continued to increase at 0.2 m depth 
below the soil surface. This also agreed with increased inorganic N in 0.3 m depth of soil 
reported in Chapter 4 (Figure 4.3). 
An increase in residual labile P concentrations reported in 0.1 m layer of the soil compared to 
other layers agreed with extractable P concentrations in 0.3 m soil depth reported in Chapter 4 
(Table 4.7). This is mainly due to P adsorption by the soil as reported by  Bame et al. (2014). 
Therefore, there is low risk of P leaching to the groundwater. The only possible long-term 
potential risk is high accumulation of P on the soil surface, which could lead to surface water 
contamination from runoff losses. 
Nutrients accumulating in the soil may be potential sources of environmental pollution 
depending on irrigation and rainfall, which either leach nutrients or wash them away through 
surface runoff (FAO 2013, Fessehazion et al. 2014, Ogbazghi et al. 2016, Tesfamariam et al. 
2015). In the short term, the accumulation of N and P within the root zone is beneficial for crop 
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production especially in soils with low drainage capacity. In the long term however, 
accumulation at such rates could lead to high plumes of NO3
-
 leaching to the ground water when 
plants do not utilise them timely especially during low intensity but high volume of rainfall 
events.  
 Nitrate leaching over time 
The model simulated high leaching of NO3
-
 in soil fertigated with DEWATS effluent (Figure 
6.5). This was due to due large irrigation depth using DEWATS effluent (Appendix 10). This 
shows that high accumulation of residual NO3
-
 at the 0.2 m depth does not necessarily imply 
that there was no leaching rather the cascading of NO3
-
 from the upper 0.1 m soil layer to the 
lower 0.2 m layer in large quantities as a function of time. This implies that it is a matter of 
time for the NO3
-
 accumulated in the 0.2 m soil layer to move deeper into the soil below the 
reach of the plant roots. Besides, nutrient leaching in a soil occurs through a cascading approach 
which depends on volumetric water content and drainage factor in different soil layers 
(Fessehazion et al. 2014, van der Laan et al. 2010). Besides, since most of the NO3
-
 is retained 
in micro and meso pores of the soil, which is in equilibrium with the micro pores and soil 
exchange sites, as water moves down the soil profile, a significant amount of NO3
-
 drains along. 
Therefore, this calls for considering nutrient based application rather than crop water 
requirement-based application of DEWATS on agricultural land. 
 Land area requirements 
One of the SWB-Sci model purpose is to schedule irrigation in a way that maximises crop water 
requirements while minimising losses through leaching and runoff. Based on the SWB-Sci 
model calculations, land area requirements were lower for Se soil followed by Ia and Cf soils. 
This was due to high water retention capacity for Se soil coupled with its low hydraulic 
conductivity (Figure 5.4) than the other two soils. Therefore, Se soil can assimilate more 
effluent per unit area. More land area is required for Cf and Ia soils to assimilate all the effluent 
produced. In soils with higher drainage irrigation is done at a lesser rate but more frequently 
while in poorly drained soils the reverse is true. 
 Conclusions 
The SWB-Sci model was successfully calibrated and validated, and met the statistical criteria 
(r2 > 0.8, D > 0.9, MAE < 20 %) for simulating banana growth, top N uptake and soil profile 
volumetric content. Although there are limitations in the calibration and validation of SWB-
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Sci model based on soil leached N and P concentrations, crop growth, nutrient uptake and soil 
profile volumetric water content are most important variables in testing model sensitivity.  The 
simulated increase in residual inorganic N and P concentrations within the root zone (upper 
0.3 m) of the soil under DEWATS effluent fertigation shows the potential of effluent as an 
important fertiliser source. The simulated NO3
-  leaching from the soil was higher in DEWATS 
effluent fertigation compared to tap water + fertiliser but without any risk to the ground water 
contamination. Land area requirements for each DEWATS plant in Cf soil was 23 900 m2 (290 
m2 household-1; 58 m2 person-1), Ia was 21 700 m2 (260 m2 household-1; 52 m2 person-1) and 
for Se was 16 700 m2 (200 m2household-1; 40 m2 person).
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 GENERAL DISCUSSION AND CONCLUSIONS 
 Introduction 
The decentralised wastewater treatment system (DEWATS) potentially provides onsite 
sanitation to residents living in the peripheries of cities. However, management of treated 
wastewater from the DEWATS is important since disposal into water bodies can be 
environmental unsustainable. Therefore, agricultural systems may be used; soils act as media 
for nutrient (N and P) retention allowing plants to take them up such that water percolating 
deep the soil does not contaminate the groundwater.  
Fertigation with wastewater may improve soil chemical and physical properties, which increase 
crop growth and yield. Studies have also confirmed that DEWATS effluent comply with the 
FAO and WHO standard wastewater quality for agricultural use in terms of its chemical and 
physical properties, and heavy metals, respectively. Furthermore, WHO guidelines to manage 
pathogenic risks are available. Despite beneficial use of wastewater in agriculture, some 
negative aspects of concern include impacts on the environment if not well managed.  
Upscaling of the wastewater used by local governments and policy makers, who are 
considering integration of urban sanitation with agriculture should be done using practical 
guidelines. Development of practical guidelines consider technical issues such as land area 
requirements for specific soils, nutrient loading, effects on various crops and environmental 
sustainability of the practice. This information is not adequately available with reference to 
South Africa. Therefore, this study was a step in investigating the impacts of DEWATS effluent 
on N and P uptake, transformations and impacts on the environment. The study generated 
information required to develop practical guidelines for safe and sustainable water reuse 
projects in South Africa.  
The study aim was to understand the factors and processes that may influence the use of 
DEWATS effluent as a fertigation source of N and P and its effects on crops, soils and the 
environment. The following questions were addressed with regards to fertigation using 
DEWATS: 
▪ What are the effects on crop growth, yield, and N and P uptake? 




▪ Can the SWB-Sci model be calibrated and validated to simulate crop growth, N and P 
dynamics and water balance in DEWATS fertigated soil? 
▪ Based on simulations, what are land area requirements in different soils and N and P 
retention and leaching from soil? 
▪ Can the DEWATS effluent be used without contaminating the groundwater with N and 
P? If there are risks how can they be managed? 
The following sections discuss major findings from chapter 4 to 6 about the effects of 
DEWATS effluent on crop growth, N and P uptake, retention and leaching under field and 
controlled conditions. The importance of the SWB-Sci as a tool in calculating land area 
requirements and effects of N and P on the environment is also discussed. 
 General discussion  
 Effects on crop growth, yield and N and P uptake 
Crop growth in DEWATS effluent fertigated soils increased under field conditions (Chapter 4) 
and in three different soil types (Chapter 5). High crop growth in field conditions were 
attributed to interaction of initial soil fertility and N and P applied through fertigation using 
effluent, especially after second cropping cycle when AF effluent was used. The influence of 
initial nutrients on crop growth in effluent fertigated soils was observed in Se and Cf soils. 
Sepane (Se) showed high banana growth compared to other soils in pot experiments although 
same types and volumes of effluents were applied to all soils. Furthermore, banana growth was 
comparably higher in Cf under effluent fertigation than tap water + fertiliser (Chapter 5), 
confirming the ability of wastewater to improve crop growth in poor soils as reported in several 
studies (Bame et al. 2014, Mohamed Sa et al. 2017, Musazura 2014).  
Crop growth variables such as leaf area index (LAI) and chlorophyll content are important 
aspects in the photosynthetic capacity of the plants and yield. Despite higher LAI in DEWATS 
fertigated taro plants the final yield was comparable to tap water + fertiliser treatment (Chapter 
4). Although wastewater has the capacity to increase crop vegetative growth, yield may not be 
affected. Even several authors have shown that wastewater might increase vegetative growth 
at the expense of economic yield due to excessive N (Alghobar and Suresha 2016, Pedrero et 
al. 2010). This was confirmed by banana grown under pot experiments which did not flower 
probably due to N loading through fertigation with effluent thereby exceeding crop fertiliser 
requirements (Table 5.8). In tap water + fertiliser treatment from which adequate N amounts 
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were applied, delayed flowering also occurred thereby nullifying an assumption that delayed 
flowering was associated with DEWATS effluent irrigation. Field studies reported in Chapter 
4 showed that plants managed to flower and fruit despite addition of nutrients in recommended 
amounts. This implies that even though high amounts of N are applied through fertigation, not 
all is taken up plants. Nitrogen in the soil may not be bioavailable or lost through other 
transformations such as denitrification, immobilisation or leaching.  
The plant tissue N and P uptake was comparable between irrigation treatments under the field 
conditions (Chapter 4) while DEWATS effluent fertigated crop were higher under controlled 
studies (Chapter 5). Higher N and P concentrations reported in DEWATS effluent treated crops 
compared to tap water + fertiliser (Table 5.10), showed the ability of banana plants to remove 
N from soils. Nutrient uptake by banana in both field and tunnel studies conformed with 
findings by several authors using wastewater (Almuktar et al. 2015, Bame et al. 2014, Fonseca 
et al. 2007).  
Fertigation with AF effluent exceeding crop water requirements (Table 5.7) and loaded a lot of 
N and P onto the soils. The optimum nutrient sufficiency levels for banana foliar analysis are: 
N (2.7 – 3.7 %) and P (0.16 – 0.27 %) (de Mello Prado and Caione 2012). According to studies 
in Chapter 4 and 5 the foliar concentrations for N and P in banana were within the sufficiency 
ranges hence both effluent and tap water + fertiliser provided plant required nutrients. Since 
plants have a limited capacity to take up N and P, excessive N and P can be managed through 
populating plants over an area, irrigation scheduling to meet crop water needs without loading 
nutrients or expansion of land area. 
 Nitrogen and P dynamics in DEWATS effluent fertigated soils 
7.2.2.1 N and P retention 
The effluent significantly increased soil NH4
+-N in all three soils than the inorganic fertiliser 
(Figure 5.3). The DEWATS effluent contains N as NH4
+-N especially after anaerobic treatment 
(Foxon 2009). Fertigation with effluent applies NH4
+-N to the soil, which is fixed by soils such 
as 2:1 clays. However, pot trials done in Chapter 5 showed a significant NH4
+-N increase even 
in Cf as reported by Bame et al. (2014). On the other hand, the NH4
+-N in field studies (Chapter 
4) did not significantly differ between the irrigation treatments. Implying that high NH4
+-N 




- -N concentrations were comparable between the DEWATS effluent and 
tap water + fertiliser (Chapter 4 and 5). Therefore, the effluent can be assimilated by soil 
microorganisms to produce plant available N (NO3
-
) just like other inorganic fertilisers. It has 
been confirmed that fertigation with wastewater increases nitrification process (Bame et al. 
2013, Darwesh 2015).  
Significant differences in NO3
-
 concentrations were reported between soil depths. The NO3 
–
 
was concentrated within the 0.3 than the 0.6 m depth (Chapter 4) as reported by the SWB-Sci 
model in Chapter 6. Based on the model simulation, more NO3
-
 were expected to accumulate 
in the top 0.2 m of the soil (plant rooting zone) (Figure 6.4), further confirming the potential 
of DEWATS effluent as a source of N fertiliser in clay soils.  
Despite having high concentrations of NH4
+-N in DEWATS effluent fertigated soils under pot 
trials, the NO3
- -N remained comparable between irrigation treatments (Table 5.4), implying 
that nitrification was low, which differed from findings by Bame et al. (2013). This could have 
been attributed to high water content which inhibited the nitrification process. 
The soil P significantly increased in all soils applied effluent (Chapter 4 and 5). Even studies 
by Bame et al. (2014) reported increased P content in soils applied DEWATS effluent including 
the Cf soil despite its poor P sorption capacity. This means that DEWATS effluent is an 
important source of P especially in low P soils. 
7.2.2.2 N and P leaching 
The concentrations of NO3
- -N in soil leachates increased within the 0.3 m depth of the 
DEWATS fertigated soil as the cropping cycle progressed (Figure 4.3). The leachates did not 
significantly move down the soil profile due to low hydraulic conductivity of the clay soil. This 
also agreed with pot experiments where leaching was low in Se soil than Ia soil (Figure 5.6). 
The simulations by the SWB-Sci model showed high concentrations of NO3
-
 within the top 
0.2 m depth of the soil. Therefore, the use of DEWATS effluent in a clay loam soil increase 
plant available N within the rooting zone. Furthermore, the less likelihood of NO3
- -N to leach 
in such soils prevents groundwater contamination risks. The problem occurs when the perched 
water tables could rise to shallow depths as reported in Figure 4.5. However, this could be 
managed through subsurface drainage to prevent subsurface lateral flows to nearby rivers. Care 
must be taken when draining water from the subsurface, its discharge into rivers may cause 
contamination. Therefore, it is recommended that the water can be recycled back into the field. 
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If the water is recycled back into the agricultural land, especially in wet season, surface runoff 
can be a problem especially on highly sloping sites. Based on studies at Newlands-Mashu the 
water table outside the field just before the river was deeper than the piezometer depth. This 
implies that lateral subsurface movement of water towards the river was low.  
In well drained soils with high N content such as Ia, groundwater pollution is likely to occur 
through leaching as reported in Chapter 5. Care must be taken to prevent groundwater pollution 
in such soils and this is achievable through irrigation scheduling with room for rainfall. 
Based on findings in Chapter 4, mobile P concentrations in leachates from soil applied 
DEWATS effluent were comparable to tap water + fertiliser although inorganic fertiliser was 
not applied. This shows that most of the P applied through fertigation was retained by soil 
colloids hence leaching was minimum as confirmed by the SWB-Sci model (Chapter 6). High 
labile P concentrations were shown in top 0.1 m soil depth (Figure 6.4). Soil type and irrigation 
depth contribute to P leaching (Chapter 5). More P leaching was reported in coarse textured Cf 
soil after irrigation to field capacity while exceeding crop water requirements due to its physical 
properties. Cartref soil has low P sorption capacity since it has low Fe oxides content and 
organic matter. Organic matter and Fe oxides interact together in increasing P adsorption as 
well as decreasing its leaching down the soil profile.  
 Land area requirements and N and P loading 
According to Pescod (1992), on farm effluent supply must be strategically managed. The total 
area to be irrigated depends on the total amounts of effluent available during the crop 
growing period. The use effluent to irrigate banana and taro in an intercrop required 
117 m2·household-1 (23.3 m2·person-1) (Chapter 4). This land area was calculated based on 
crop water requirements for both crops to maximise all the effluent produced by the DEWATS. 
Based on the findings in Chapter 4, the taro plants did not grow well during the second season. 
Therefore, calibration and validation of the SWB model for an intercrop could not be pursued, 
although the model is capable of simulating crop growth in a hedgerow intercrop (Annandale 
et al. 1999a). Banana has the same annual water requirements as taro, which is 
1 500 - 2 200 mm for banana (FAO 2015) and ≥ 1 500 mm for taro (Onwueme 1999). 
Therefore, assuming irrigation was to be done only on either banana or taro, the land area 
required could have doubled the calculated one. The land area calculated by the SWB-Sci for 
banana cropping under the Se soil used in the field was 200 m2 household-1 (40 m2 person-1) 
(Table 6.3), which is almost double the land area calculated in the field.  
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The land area requirements for different soils differed; Cf required more land area while Se 
required the least land area (Table 6.3). The aim of scheduling using the SWB-Sci, according 
to Annandale et al. (1999a), is to maximise crop water requirements while minimising losses 
through leaching and runoff. The production of effluent is a continuous process while crop 
water demands are variable across seasons especially in subtropical climates. Therefore excess 
effluent in different seasons can be stored for use when crop water demands are high (DWA 
2013, Pescod 1992). In this study storage requirements calculated based on crop water 
requirements in Chapter 4 was 767 m3 (9.2 m3·household-1 or 1.9 m3·person-1). The excess 
effluent was found only in July 2015 and July 2016 (Figure 4.6), which might be unnecessary 
to invest in storage facilities. However, uncertainties in weather patterns calls for storage 
investment since effluent loading in soils such as Cf and Ia may cause pollution as reported in 
Chapter 5.  
 Conclusions 
The study investigated the effects of fertigation with DEWATS effluent (AF and HFCW 
effluent) on crop growth, yield and nutrient uptake. The effects of DEWATS effluent on banana 
and taro growth were comparable to tap water + fertiliser treatment during the first cropping 
cycle under field conditions. Use of AF effluent increased vegetative growth at the expense of 
yield through irrigation to soil field capacity under controlled conditions. The DEWATS 
effluent increases productivity of poor nutrient soils as shown by high growth in Cf soils 
fertigated with effluent. Nutrient (N and P) uptake in banana and taro under field studies were 
comparable between the two irrigation treatments. Fertigation with effluent to soil field 
capacity increased banana leaf tissue N and P concentrations.  
High irrigation depth using AF effluent increased soil inorganic N content in both field and pot 
experiments. Soil extractable P content significantly increased in all soils fertigated with 
effluent to field capacity and within the 0 – 0.3 m depth in the field. Although the soil inorganic 
N and P content increased, their subsequent leaching to groundwater was very low in clay soils. 
Nitrogen leaching in the soils irrigated to soil field capacity was higher in the tap water + 
fertiliser treatment than the DEWATS treatment. A comparison between three soils fertigated 
with DEWATS effluent showed higher N leaching from the Ia soil compared to the other soils. 
Moreover, more P leached from the sandy Cf soil compared to other soils under the same 
treatment. Although the NO3
- -N concentrations in the water table were far below international 
minimum standard concentrations for drinking water of 10 mg L-1, risks for contamination are 
106 
 
minimised if irrigation scheduling with room for rainfall, drip irrigation and subsurface 
drainage are provided in areas prone to rising water tables. 
The SWB-Sci model was successfully calibrated and validated to simulate water and nutrient 
(N and P) balances in DEWATS effluent fertigated soils. The model calculated area 
requirements in Cf soil (290 m2 household-1; 58 m2 person-1), Ia soil (260 m2 household-1; 
52 m2 person-1) and Se soil (200 m2household-1; 40 m2 person). Storage is required during the 
wet weather to cater for excess effluent. Simulations by the SWB-Sci model showed the 
likelihood of increasing inorganic N and P within the top soil layers (0.3 m depth) of the clay 
soil with continuous fertigation especially if irrigation depth is high and the AF effluent is used. 
The model simulated lower N leaching in DEWATS effluent fertigated soils than tap water + 
fertiliser, showing the environmental sustainability of using DEWATS for fertigation 
compared to conventional fertilisers.  
  Recommendations and future studies  
▪ DEWATS effluent can be used sustainably in agriculture where it promotes crop 
growth and improved yields. Care must be taken to avoid over application of N 
especially when using AF effluent. Optimisation of nutrients and water is recommended 
to ensure that adequate water is applied with no excess nutrients. This can be achieved 
through irrigation scheduling and monitoring soil nutrients. 
▪ Use of DEWATS effluent from the AF loads more N and P into the soil. High inorganic 
N and P in the soil are potential environmental pollutants. There is need for more 
information on nutrient removal by other crops. Therefore, studies must broaden the 
scope to include fertigation of high nutrient demanding crops for forage or composting. 
▪ Excess effluent exceeding crop water requirements especially during wet seasons needs 
to be managed accordingly. In case were storage investments are prohibitive, other uses 
of the effluent should be explored such as hydroponics and duck weed composting. 
▪ Soil nutrient monitoring through fertility testing, monitoring leachate quality and plant 
tissue nutrient content are recommended management practices. Best methods to 
monitor soil nutrients in DEWATS fertigated soils must be investigated and included 
as part of practical guidelines.  
▪ Use of HFCW effluent might not provide enough crop nutrients. More research is 
needed to understand the use of effluent in combination with other human excreta-
derived materials as nutrient supplements for different crops. 
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▪ Irrigation scheduling considering room for rainfall is important to prevent N and P 
leaching especially in coarse textured soils. 
▪ The SWB-Sci model was calibrated and validated to simulate long-term N and P 
dynamics in DEWATS effluent fertigated soil at Newlands-Mashu. Therefore, the 
model can be applied to different regions with contrasting soils and climatic conditions. 
▪ The current study focused on banana with taro as an intercrop. The taro failed to grow 
during the second cropping cycle hence could not be used for model calibration. 
Therefore, modelling should be done with shorter season crops in different agricultural 
systems such as mono-cropping, relay cropping and crop rotation. This will add more 
information required in the development of practical guidelines.  
▪ The SWB-Sci one dimensional model may not account for other lateral solute flows 
within the soil profile. Studies can be extended to consider three dimensional flows 
using other models such as HYDRUS 3D. 
▪ The SWB-Sci has been very sensitive in simulating N dynamics in the soil under field 
study; the measured and simulated N concentrations were very variable. Improvement 
of the model should be considered in the future. 
▪ Although N and P are major contributors to environmental pollution, more 
considerations should be given on emerging micropollutants and microbial 
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Appendix 1: Sensors connected to the weather station. 
Weather parameters Sensor Manufacturer 
 
Air temperature and 
relative humidity 
 
CS 215-L temperature and 
relative humidity probes 
 
Campbell Scientific Inc., 
Utah, USA 
Barometric pressure CS 100 barometric pressure 
sensor 
Campbell Scientific Inc., 
Utah, USA 
Evaporation 255-100 evaporation gauges NovaLynx, USA 
 
Plant canopy temperature 
 
SI-111-PW infrared radiometers 
 





TE525WS-L rain gauge with 20 
cm orifice 
 















Campbell Scientific Inc., 
Utah, USA 
Solar radiation CS 300-L pyranometer Apogee Instruments, USA 
Wind direction 024A-L wind direction sensor Met One, USA 





Appendix 2: Newlands-Mashu weather station information used to create the simulated 
weather station for the Soil Water Balance model. 
 
 
U is the wind speed; VP is the vapour pressure; RH is the relative humidity; T is the temperature, ETo is the reference evapotranspiration; 
DOY is the day of the year.
132 
 
Appendix 3: Banana crop specific parameters included in the SWB-Sci model based on 
measured and literature data. 
Banana thermal time requirements 
The growth model uses a thermal time approach (Monteith and Moss 1977) to determine crop 
growth and development stages. The growing degree days are calculated from the onset of crop 
growth and they are accumulated as the crop grows over time (∆t) as calculated by Equation 
3.11. 
GDDi = ∑ (Tavg – Tbase) * ∆t       Equation 3.11 
Where: GDDi is the growing day degrees increment for the entire growing period; Tavg is the 
average daily temperature (oC); Tbase is the minimum temperature required for banana growth;  
When Tavg is below the cut-off temperature, the GDDi is set to zero. 
Dry weight ratio (DWR) 
The relationship between transpiration limited growth and dry matter production can be 
calculated as the ratio of dry mass (DM in kg m-2) corrected for the vapour pressure deficit 
(VPD in Pa) (Sinclair et al. 1984) and transpiration. The DWR was therefore determined 




                                                                Equation 3.13 
Where: ET is total evapotranspiration (mm).  
Banana total dry mass (kg m-2) was measured after crop harvest. However, the dry mass 
partitioned to roots could not be accounted for since only above ground material was harvested. 
Therefore, total dry mass was estimated according to Nyombi et al. (2009) using Equation 3.14. 
                                                   
Y= ceax     Equation 3.14 
   
Where: Y is total dry biomass (kg m-2) at harvest including root, stem, bunch and leaves; c 
(0.066) and a (0.085) are constants; e is the exponential function; x is the variable stem girth 
(cm). The variable stem girth must be expressed in centimetres as recommended by Nyombi et 
al. (2009). 
The vapour pressure deficit (kPa) used to determine the DWR was calculated using the SWB-






                               Equation 3.15  
Where: esTmax is the saturated vapour pressure (kPa) at maximum air temperature; esTmin is the 
saturated vapour pressure (kPa) at minimum temperature; ea is the actual vapour pressure (kPa). 
Water loss through soil evaporation cannot be related to crop physiology although dry mass is 
related to evapotranspiration (Jovanovic et al. 2000). Evapotranspiration (mm) was determined 
as a product of the reference evapotranspiration (ETo) and crop factors (FAO 2015).  
Dry mass accumulation 
Total dry matter for recalcitrant seed at emergence is equivalent to seed mass but in the present 
study banana plants were planted as suckers, hence sucker dry mass was measured. The root 
dry matter at emergence was estimated from Equation 3.16. 
  RDM =
fr * TDM
1-fr
    Equation 3.16  
Where: fr is the partitioning fraction to root biomass; RDM is the root dry mass (kg m-2).  
Canopy extinction coefficient 
The SWB-Sci can separate water loss through transpiration and evaporation. The transmission 
of light through the canopy follows Bouguer’s law (Campbell and Van Evert 1994). Fractional 
interception of radiation through the canopy can be determined from Equations 3.17 and 3.18. 
FItranspiration-1-e
(-KPAR * LAI)   Equation 3.17  
FItranspiration-1-e
[-KPAR(y LAI)]    Equation 3.18  
Where:  KPAR is the canopy solar extinction coefficient for photosynthetically active radiation; 
LAI is the leaf area index; y LAI is the leaf area index of the senesced leaves. 
The LAI is the total area covered by leaves per unit area (m2 leaf area m-2 land area) and for 
the banana crop it was measured according to Equation 3.1  
Dry matter accumulation under radiation limited conditions 
Under radiation limited conditions dry matter increment (DMi) was calculated from Equation 
3.18 according to Monteith and Moss (1977). 
DMi = Ec* Tf* FItranspiration* Rs    Equation 3.19 
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Where: Ec is the radiation use efficiency (kg MJ
-1). However, in this study it was measured 
using the total dry mass (kg m- 2) per total solar radiation received as recorded by the on-site 
weather station. The Rs denotes solar radiation (MJ m
-2) for a day and Tf is the temperature 




     Equation 3.20 
Where: Tav is the average daily temperature (
oC); Tlo is the banana optimum temperature for 
light limited growth; Tb is the base temperature. 
Root growth rate 
Root growth rate (RGR) was calculated from Equation 3.18. The maximum rooting depth (RD) 
was adopted from FAO (2015). Since banana was not destructively harvested the root dry mass 
(RDM) was derived from allometric equations given by Nyombi et al. (2009) (Equation 3.21). 
RD = RGR *RDM 0.5   Equation 3.21 
Y= c (x)a              Equation 3.22 
where: RDM is the root dry mass (m2kg-0.5);Y is the RDM (kg m-2); c (1 * 10-4) and a (1.863) 
are constants; x is the variable banana stem girth (cm) at harvest. Nyombi et al. (2009) 
developed different equations for different parts of the banana plant at different growth stages 
hence Equation 3.22 differed from Equation 3.14.
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Parameter Value Source 





(Nyombi et al. 2009) 
DWR (Pa)  2.1 Measured 
Radiation use efficiency (kg MJ-1) 0.0015 Measured 
Base temperature (oC) 12.5 (Chaves et al. 2009) 
Optimum temperature (oC) 25 (Chaves et al. 2009) 
Cut off temperature (oC) 38 (Chaves et al. 2009) 
Emergence (day degrees) 0 Measured 
Flowering (day degrees) 2568 Measured 
Maturity (day degrees) 4950 Measured 
Transition (day degrees) 260 Measured 
Leaf senescence (day degrees) 3189 Measured 
Maximum height (m) 2 Measured 
Maximum root depth (m) 0.8 (FAO 2015) 
Stem to grain translocation 0.5 Measured 
Minimum leaf water potential (kPa) -1 500 (Robinson and Bower 1988) 
Maximum transpiration (mm day-1) 6 (FAO 2015, Freitas et al. 2008) 
Specific leaf area (m2 kg-1) 12 Measured 
Leaf stem partitioning (m2 kg-1) 2 Measured 
Total dry matter at emergence (kg m-2) 0.0130 Estimated (Nyombi et al., 2009) 
Root fraction 0.05 Estimated (Nyombi et al., 2009) 
Root growth rate (m2 /√(kg)) 3.1 Measured 
Stress index 0.95 (Steduto et al. 2012) 
Depletion allowed 





* PAR is the, **DWR is the 
136 
 
Appendix 4: Nitrogen (N) and phosphorus (P) uptake crop parameters for banana. 
Parameter Value Source 
N Fixation No  
Grain N partitioning coefficient 0.4  (van Asten et al. 2003) 
Photoperiod sensitivity No (Robinson and Saúco 2010) 
Critical photoperiod n/a  
Photoperiod parameter n/a  
N: P ratio 5  
Root N concentration (kg N kg-1 DM) 0.0108 (Ahumuza et al. 2015) 
Maximum fruit N concentrations (kg N kg-1 DM) 0.2075 (Ahumuza et al. 2015) 
Slope -0.405  
C3 or C4 C3 (Robinson and Alberts 1986) 
Increased root active biomass (kg m-2) 0.05 (Nyombi et al. 2009) 
Optimal P concentration (Emergence) (kg P kg-1 DM) 0.00297 Measured 
Optimal P concentration (Vegetative) (kg P kg-1 DM) 0.003 Measured 
Optimal P concentration (Reproductive) (kg P kg-1 DM) 0.00245 Measured 
DM is the dry mass.
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Appendix 5: Soil physical properties used in the Soil Water Balance model. 
 
 
















Appendix 7:  Initial soil nitrogen (N) and phosphorus (P) parameters for the SWB-Sci model. 
Parameter Value Source 
Standing stubble mass (kg ha-1) 1 Measured 
Surface mass (kg ha-1) 1 Measured 
Bypass coefficient 0.6 Measured 
Annual average air temp. (oC) 21.1 Measured 
Half annual temperature amplitude (days) 170 Measured 
Cultivation depth (m) 0 Measured 
Soil group Slightly weathered  
Soil P test type Ambic  
Initial C fraction to microbial biomass (≤ 0.3 m) 





Initial C fraction to active labile SOM* (≤ 0.3 m) 





Initial C fraction to active metastable SOM (≤ 0.3 m) 





Initial C fraction to passive SOM (≤ 0.3 m) 





SOM-Soil organic matter 
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                                             Equation 3.23 
Whereby A = land area (m2); P = annual DEWATS effluent production (ML); Etcrop = Crop 
water requirements (ML m-2 year-1). 
Land area per household / per person 
𝐴𝐻 =  
𝐴
 𝐻
                                                    Equation 3.24 
𝐴𝐶 =  
𝐴𝐻
 𝐶
     Equation 3.25 
Whereby AH = land area required per household (m2); H = number of households and there 
are 83 households; AC = land area required per person (m2); C = number of people per 
household. 
Metric conversions 
1 mm =1 L m-2 
1 ML = 1 000 m3 = 1 000 000 L 
1 ha = 10 000 m2 




Appendix 9: Mean squares for inorganic N and P in perched water table and WFD 
















(mg L-1)  
PO4
3-
   
(mg L-1) 
Treatment 4   3160 216 3125 ** 114 
Residual 84 -13 1800 101 847  57 




Appendix 10: Irrigation data at Newlands-Mashu field experiment for the period June 
2014 to July 2016. 


















Jun-14 12 96 45 21 66 
Jul-14 31 248 116 55 171 
Aug-14 30 240 112 53 165 
Sep-14 30 240 112 53 165 
Oct-14 30 240 112 53 165 
Nov-14 20 160 70 36 106 
Dec-14 26 208 97 46 143 
Jan-15 12 96 45 21 66 
Feb-15 0 0 0 0 0 
Mar-15 10 80 37 18 55 
Apr-15 5 40 19 9 28 
Total 206 1 648 765 365 1 130 
Season 2 
May-15 0 0 0 0 0 
Jun-15 0 0 0 0 0 
Jul-15 10 80 37 18 55 
Aug-15 18 144 67 32 99 
Sep-15 16 128 60 28 88 
Oct-15 12 96 45 21 66 
Nov-15 13 104 49 23 72 
Dec-15 10 80 37 18 55 
Jan-16 0 0 0 0 0 
Feb-16 10 19 9 4 13 
Mar-16 23 88 41 23 64 
Apr-16 24 103 48 23 71 
May-16 25 105 49 23 72 
Jun-16 30 1 073 501 239 740 
Jul-16 17 358 167 80 247 
Total 208 2 378 1 110 532 1 642 
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Jun-14 85.1 1.8 83.3 66.1 -17.1 
Jul-14 99.8 2.5 97.2 170.8 73.6 
Aug-14 131.9 13.2 118.7 165.3 46.7 
Sep-14 177.1 25.7 151.4 165.3 13.9 
Oct-14 173.5 77.7 95.8 165.3 69.6 
Nov-14 177.9 46.0 132.0 110.2 -21.7 
Dec-14 222.3 65.0 157.3 143.2 -14.0 
Jan-15 240.6 74.7 166.0 66.1 -99.9 
Feb-15 189.8 111.0 78.8 0 -78.8 
Mar-15 182.8 76.2 106.6 55.1 -51.5 
Apr-15 133.7 10.9 122.8 27.6 -95.2 
May-15 135.6 0 135.6 0 -135.6 
Jun-15 38.6 2.0 36.5 0 -36.5 
Jul-15 42.7 85.6 -42.9 55.1 98.0 
Aug-15 140.4 4.1 136.3 99.2 -37.1 
Sep-15 135.1 35.1 100.0 88.2 -11.8 
Oct-15 227.8 30.5 197.3 66.1 -131.2 
Nov-15 214.9 96.2 118.6 71.6 -47. 
Dec-15 238.8 110.7 128.0 55.1 -72.9 
Jan-16 259.6 141.7 117.8 0 -117.8 
Feb-16 219.5 58.4 161.0 13.1 -148.0 
Mar-16 188.1 103.6 84.5 60.9 -23.6 
Apr-16 136.2 11.7 124.5 70.8 -53.7 
May-16 403.1 218.2 184.9 72.7 -112.3 
Jun-16 93.7 4.6 89.1 739.8 650.7 




Appendix 11: Field studies raw data. 
AF effluent characteristics 





-P Mineral  
N 
Sample 1 Sample 2 Sample 3 
  (mg L-1) 
2-Oct-14 0.2 55.6 10.2 55.8       
15-Dec-14 3.1 50.3 7.9 53.4       
2-Feb-15 1.2 59.6 19.5 60.8       
28-Jul-15 3.6 56.9 7.2 60.5       
30-Sep-15 1.8 52.1 8.4 53.9       
31-Dec-15 2.6 59.9 15.8 62.5       
16-Mar-16 4.1 48.1 10.6 52.2 51.2 79.2 64.7 
9-Sep-16 0.6 50.6 5.9 51.2 54.6 53.9 62.5 
7-Mar-17 1.7 60.1 8.7 61.8 58.7 59.8 60.4 
 
Leachates 
 Date Days after planting Block Depth Treatment NO3- -N NH4+-N Total N PO43- -P 
     mg L
-1 
2014/09/03 295 1 0.3 m DEWATS 34.4 1.6 36.0 0.0 
2014/09/03 295 2 0.3 m DEWATS  1.6 1.6 0.0 
2014/09/03 295 3 0.3 m DEWATS 114.6 0.8 115.4 1.4 
2014/09/23 315 1 0.3 m DEWATS 21.9 0.9 22.8 0.0 
2014/09/23 315 2 0.3 m DEWATS 54.4 0.9 55.3 0.0 
2014/09/23 315 3 0.3 m DEWATS 6.3 1.1 7.4 0.0 
2014/09/29 321 1 0.3 m DEWATS 2.0 0.5 2.5 0.2 
2014/09/29 321 2 0.3 m DEWATS 47.4 0.6 48.0 0.0 
2014/09/29 321 3 0.3 m DEWATS 25.4 0.9 26.3 0.1 
2014/10/02 324 1 0.3 m DEWATS 11.7 1.4 13.1 1.3 
2014/10/02 324 2 0.3 m DEWATS 17.9 0.8 18.7 0.4 
2014/10/02 324 3 0.3 m DEWATS 7.8 0.7 8.5 1.0 
2014/10/09 331 1 0.3 m DEWATS 8.9 1.1 10.0 2.0 
2014/10/09 331 2 0.3 m DEWATS 1.8 1.3 3.1 0.1 
2014/10/09 331 3 0.3 m DEWATS 5.9 0.5 6.4 1.5 
2014/10/27 349 1 0.3 m DEWATS 8.4 0.7 9.1 4.6 
2014/10/27 349 2 0.3 m DEWATS 9.4 0.1 9.5 2.3 
2014/10/27 349 3 0.3 m DEWATS 0.6 0.2 0.8 3.1 
2014/12/15 398 1 0.3 m DEWATS 8.0 1.0 9.0 3.8 
2014/12/15 398 2 0.3 m DEWATS 1.7 1.3 3.0 2.2 
2014/12/15 398 3 0.3 m DEWATS 5.2 0.2 5.4 6.3 
2014/12/31 414 1 0.3 m DEWATS 1.5 0.3 1.8  
2014/12/31 414 2 0.3 m DEWATS 1.3 0.1 1.4 9.0 
2014/12/31 414 3 0.3 m DEWATS 5.4 2.3 7.7 1.0 
2015/02/02 447 1 0.3 m DEWATS 6.8 5.2 12.0 2.8 
2015/02/02 447 2 0.3 m DEWATS     
2015/02/02 447 3 0.3 m DEWATS 9.7 7.3 17.0 6.3 
2015/10/15 702 1 0.3 m DEWATS 9.0 1.8 10.8 14.8 
2015/10/15 702 2 0.3 m DEWATS 3.1 1.8 4.9 10.5 
2015/10/15 702 3 0.3 m DEWATS 5.6 1.8 7.4 13.5 
2015/12/15 763 1 0.3 m DEWATS 3.7 0.7 4.4 14.2 
2015/12/15 763 2 0.3 m DEWATS 4.6 1.2 5.8 22.4 
2015/12/15 763 3 0.3 m DEWATS 7.1 1.5 8.6 11.1 
2016/03/14 853 1 0.3 m DEWATS 13.5 5.4 18.9 7.4 
2016/03/14 853 2 0.3 m DEWATS 10.9 0.5 11.4 3.2 
2016/03/14 853 3 0.3 m DEWATS 11.9 0.5 12.4 6.5 
2016/04/29 899 1 0.3 m DEWATS     
2016/04/29 899 2 0.3 m DEWATS 13.6 12.0 25.6 1.3 
2016/04/29 899 3 0.3 m DEWATS 24.2 11.0 35.2 2.7 
2016/07/19 980 1 0.3 m DEWATS 192.0 7.8 199.8 4.4 
2016/07/19 980 2 0.3 m DEWATS 12.0 2.7 14.7 2.0 
2016/07/19 980 3 0.3 m DEWATS 30.3 1.7 32.0 3.0 
2016/08/08 992 1 0.3 m DEWATS 478.5 0.1 478.6 2.4 
2016/08/08 992 2 0.3 m DEWATS 10.0 0.1 10.1 2.2 
2016/08/08 992 3 0.3 m DEWATS     
2014/09/03 295 1 0.5 m DEWATS 18.7 1.6 20.3 0.1 
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2014/09/03 295 2 0.5 m DEWATS 114.6 1.7 116.3 0.0 
2014/09/03 295 3 0.5 m DEWATS 114.6 1.4 116.0 0.1 
2014/09/23 315 1 0.5 m DEWATS 2.2 1.1 3.3 0.0 
2014/09/23 315 2 0.5 m DEWATS 33.0 1.1 34.1 0.0 
2014/09/23 315 3 0.5 m DEWATS 9.6 1.7 11.3 0.0 
2014/09/29 321 1 0.5 m DEWATS 1.6 0.9 2.5 0.0 
2014/09/29 321 2 0.5 m DEWATS 45.7 1.0 46.7 0.1 
2014/09/29 321 3 0.5 m DEWATS 5.3 0.7 6.0 0.0 
2014/10/02 324 1 0.5 m DEWATS 8.5 0.9 9.4 0.0 
2014/10/02 324 2 0.5 m DEWATS 3.2 0.8 4.0 0.0 
2014/10/02 324 3 0.5 m DEWATS    0.0 
2014/10/09 331 1 0.5 m DEWATS 5.3 0.9 6.2 0.0 
2014/10/09 331 2 0.5 m DEWATS 1.3 1.2 2.5 0.0 
2014/10/09 331 3 0.5 m DEWATS 2.2 0.4 2.6 0.0 
2014/10/27 349 1 0.5 m DEWATS 5.0 0.4 5.3 3.0 
2014/10/27 349 2 0.5 m DEWATS 3.1 1.0 4.0 5.4 
2014/10/27 349 3 0.5 m DEWATS 12.6 6.2 18.8 1.5 
2014/12/15 398 1 0.5 m DEWATS 1.9 0.1 2.0 2.0 
2014/12/15 398 2 0.5 m DEWATS 5.7 0.2 5.9 3.2 
2014/12/15 398 3 0.5 m DEWATS 8.5 0.1 8.6 1.2 
2014/12/31 414 1 0.5 m DEWATS 6.9 0.1 7.0 10.0 
2014/12/31 414 2 0.5 m DEWATS 5.0 0.1 5.1  
2014/12/31 414 3 0.5 m DEWATS 6.0  6.0  
2015/02/02 447 1 0.5 m DEWATS 2.2 3.9 6.1 2.5 
2015/02/02 447 2 0.5 m DEWATS 2.9 7.0 9.9 2.1 
2015/02/02 447 3 0.5 m DEWATS 2.1 5.8 7.9 12.9 
2015/10/15 702 1 0.5 m DEWATS 4.2 1.8 6.0 2.9 
2015/10/15 702 2 0.5 m DEWATS 1.8 1.8 3.6 13.5 
2015/10/15 702 3 0.5 m DEWATS 9.5 1.8 11.3 10.8 
2015/12/15 763 1 0.5 m DEWATS 3.6 0.9 4.5 7.9 
2015/12/15 763 2 0.5 m DEWATS 7.0 1.5 8.5 3.3 
2015/12/15 763 3 0.5 m DEWATS 4.4 0.8 5.2 16.0 
2016/03/14 853 1 0.5 m DEWATS 6.2 7.1 13.3 2.4 
2016/03/14 853 2 0.5 m DEWATS 13.5 0.2 13.7 4.3 
2016/03/14 853 3 0.5 m DEWATS 9.8 18.8 28.6 6.5 
2016/04/29 899 1 0.5 m DEWATS 5.5 32.0 37.5 0.6 
2016/04/29 899 2 0.5 m DEWATS 8.9 4.0 12.9 2.3 
2016/04/29 899 3 0.5 m DEWATS 10.4 1.0 11.4 1.4 
2016/07/19 980 1 0.5 m DEWATS 24.5 3.8 28.3 2.0 
2016/07/19 980 2 0.5 m DEWATS 8.4 4.3 12.7 2.9 
2016/07/19 980 3 0.5 m DEWATS 7.8 5.3 13.1 2.9 
2016/08/08 992 1 0.5 m DEWATS 15.0 0.8 15.8 1.9 
2016/08/08 992 2 0.5 m DEWATS 12.7 11.1 23.8 2.0 
2016/08/08 992 3 0.5 m DEWATS 12.5 7.7 20.2 2.7 
2014/09/03 295 1 0.3 m Tap water + fertiliser 4.5 1.3 5.8 0.0 
2014/09/03 295 2 0.3 m Tap water + fertiliser 100.3 6.4 106.7 0.0 
2014/09/03 295 3 0.3 m Tap water + fertiliser 11.1 1.1 12.2 0.0 
2014/09/23 315 1 0.3 m Tap water + fertiliser 3.2 1.5 4.7 0.1 
2014/09/23 315 2 0.3 m Tap water + fertiliser 99.2 0.4 99.6 0.1 
2014/09/23 315 3 0.3 m Tap water + fertiliser 110.9 1.1 112.0 0.6 
2014/09/29 321 1 0.3 m Tap water + fertiliser 58.7 0.7 59.4 0.1 
2014/09/29 321 2 0.3 m Tap water + fertiliser 1.2 0.9 2.1 0.1 
2014/09/29 321 3 0.3 m Tap water + fertiliser 25.8 0.6 26.4 0.1 
2014/10/02 324 1 0.3 m Tap water + fertiliser 3.4 0.8 4.2 1.2 
2014/10/02 324 2 0.3 m Tap water + fertiliser 1.7 1.3 3.0 0.0 
2014/10/02 324 3 0.3 m Tap water + fertiliser 5.9 0.7 6.6 0.4 
2014/10/09 331 1 0.3 m Tap water + fertiliser 24.9 0.9 25.8 0.0 
2014/10/09 331 2 0.3 m Tap water + fertiliser 18.1 0.9 19.0 0.4 
2014/10/09 331 3 0.3 m Tap water + fertiliser 1.6 1.1 2.7 0.7 
2014/10/27 349 1 0.3 m Tap water + fertiliser 7.0 0.1 7.1 2.1 
2014/10/27 349 2 0.3 m Tap water + fertiliser 3.3 0.1 3.4 3.1 
2014/10/27 349 3 0.3 m Tap water + fertiliser 2.4 0.8 3.2 1.4 
2014/12/15 398 1 0.3 m Tap water + fertiliser 3.3 0.1 3.4 4.0 
2014/12/15 398 2 0.3 m Tap water + fertiliser 1.8 0.5 2.3 1.2 
2014/12/15 398 3 0.3 m Tap water + fertiliser 1.8 0.8 2.6 1.1 
2014/12/31 414 1 0.3 m Tap water + fertiliser 1.0 2.3 3.3 16.0 
2014/12/31 414 2 0.3 m Tap water + fertiliser 3.1 0.7 3.8  
2014/12/31 414 3 0.3 m Tap water + fertiliser 2.7 6.7 9.4 2.2 
2015/02/02 447 1 0.3 m Tap water + fertiliser 5.2 0.5 5.7 3.4 
2015/02/02 447 2 0.3 m Tap water + fertiliser 1.1 1.5 2.6 2.8 
2015/02/02 447 3 0.3 m Tap water + fertiliser 2.0 4.4 6.4 1.3 
2015/10/15 702 1 0.3 m Tap water + fertiliser 3.6 1.8 5.4 6.4 
2015/10/15 702 2 0.3 m Tap water + fertiliser 9.0 1.8 10.8 12.7 
2015/10/15 702 3 0.3 m Tap water + fertiliser 6.5 1.8 8.3 8.4 
2015/12/15 763 1 0.3 m Tap water + fertiliser 5.0 1.0 6.0 4.5 
2015/12/15 763 2 0.3 m Tap water + fertiliser 7.6 0.5 8.0 6.8 
2015/12/15 763 3 0.3 m Tap water + fertiliser 7.2 0.8 8.0 3.1 
2016/03/14 853 1 0.3 m Tap water + fertiliser 14.1 75.0 89.1 34.5 
2016/03/14 853 2 0.3 m Tap water + fertiliser 5.8 3.7 9.5 1.7 
2016/03/14 853 3 0.3 m Tap water + fertiliser 7.3 8.2 15.5 5.0 
146 
 
2016/04/29 899 1 0.3 m Tap water + fertiliser 161.0  161.0 2.4 
2016/04/29 899 2 0.3 m Tap water + fertiliser 6.0 4.0 10.0 2.0 
2016/04/29 899 3 0.3 m Tap water + fertiliser 12.5 32.0 44.5 1.0 
2016/07/19 980 1 0.3 m Tap water + fertiliser    
2016/07/19 980 2 0.3 m Tap water + fertiliser    
2016/07/19 980 3 0.3 m Tap water + fertiliser    
2016/08/08 992 1 0.3 m Tap water + fertiliser 12.1 0.1 12.2 3.4 
2016/08/08 992 2 0.3 m Tap water + fertiliser 6.8 0.1 6.9 1.7 
2016/08/08 992 3 0.3 m Tap water + fertiliser 4.8 8.4 13.2 4.8 
2014/09/03 295 1 0.5 m Tap water + fertiliser 5.9 1.2 7.1 0.0 
2014/09/03 295 2 0.5 m Tap water + fertiliser 37.6 5.1 42.7 0.1 
2014/09/03 295 3 0.5 m Tap water + fertiliser 73.9 1.9 75.8 0.0 
2014/09/23 315 1 0.5 m Tap water + fertiliser 2.7 0.8 3.5 0.0 
2014/09/23 315 2 0.5 m Tap water + fertiliser 90.0 0.9 90.9 0.0 
2014/09/23 315 3 0.5 m Tap water + fertiliser 15.2 0.9 16.1 0.0 
2014/09/29 321 1 0.5 m Tap water + fertiliser 1.0 1.3 2.3 0.3 
2014/09/29 321 2 0.5 m Tap water + fertiliser 26.9 1.2 28.1 0.0 
2014/09/29 321 3 0.5 m Tap water + fertiliser 11.9 0.9 12.8 0.0 
2014/10/02 324 1 0.5 m Tap water + fertiliser 3.5 0.4 3.9 0.0 
2014/10/02 324 2 0.5 m Tap water + fertiliser 36.7 0.6 37.3 0.0 
2014/10/02 324 3 0.5 m Tap water + fertiliser 25.5 1.7 27.2 0.4 
2014/10/09 331 1 0.5 m Tap water + fertiliser 3.0 0.6 3.6 1.1 
2014/10/09 331 2 0.5 m Tap water + fertiliser 18.9 0.4 19.3 0.2 
2014/10/09 331 3 0.5 m Tap water + fertiliser 63.8 1.8 65.6 0.4 
2014/10/27 349 1 0.5 m Tap water + fertiliser 2.4 0.4 2.8 1.7 
2014/10/27 349 2 0.5 m Tap water + fertiliser 0.5 0.1 0.6 0.6 
2014/10/27 349 3 0.5 m Tap water + fertiliser 10.4 0.1 10.4 2.8 
2014/12/15 398 1 0.5 m Tap water + fertiliser 1.2 0.1 1.3 1.4 
2014/12/15 398 2 0.5 m Tap water + fertiliser 1.7 0.1 1.8 1.6 
2014/12/15 398 3 0.5 m Tap water + fertiliser 1.8 0.6 2.4 2.0 
2014/12/31 414 1 0.5 m Tap water + fertiliser 2.2 5.8 8.0 6.2 
2014/12/31 414 2 0.5 m Tap water + fertiliser 4.5 1.3 5.8 1.8 
2014/12/31 414 3 0.5 m Tap water + fertiliser 5.4 0.6 6.0 7.3 
2015/02/02 447 1 0.5 m Tap water + fertiliser 0.4 1.5 1.9 0.8 
2015/02/02 447 2 0.5 m Tap water + fertiliser 2.6 2.3 4.9 1.3 
2015/02/02 447 3 0.5 m Tap water + fertiliser 3.8 2.9 6.7 2.1 
2015/10/15 702 1 0.5 m Tap water + fertiliser 4.8 1.8 6.6 15.0 
2015/10/15 702 2 0.5 m Tap water + fertiliser 6.4 1.8 8.2 3.8 
2015/10/15 702 3 0.5 m Tap water + fertiliser 3.7 1.8 5.5 7.3 
2015/12/15 763 1 0.5 m Tap water + fertiliser 10.6 2.2 12.8 14.2 
2015/12/15 763 2 0.5 m Tap water + fertiliser 8.0 0.8 8.8 5.1 
2015/12/15 763 3 0.5 m Tap water + fertiliser 8.3 7.3 15.6 3.9 
2016/03/14 853 1 0.5 m Tap water + fertiliser 2.8 16.4 19.2 28.3 
2016/03/14 853 2 0.5 m Tap water + fertiliser 3.3 5.5 8.8 2.0 
2016/03/14 853 3 0.5 m Tap water + fertiliser 6.0 6.7 12.7 2.2 
2016/04/29 899 1 0.5 m Tap water + fertiliser 2.9 21.0 23.9 1.2 
2016/04/29 899 2 0.5 m Tap water + fertiliser 5.0 4.0 9.0 2.3 
2016/04/29 899 3 0.5 m Tap water + fertiliser 13.8 141.0 154.8 0.8 
2016/07/19 980 1 0.5 m Tap water + fertiliser 3.8 2.8 6.6 2.2 
2016/07/19 980 2 0.5 m Tap water + fertiliser 4.3 2.8 7.1 1.3 
2016/07/19 980 3 0.5 m Tap water + fertiliser 8.1 4.0 12.1 1.3 
2016/08/08 992 1 0.5 m Tap water + fertiliser 7.3 0.1 7.4 1.1 
2016/08/08 992 2 0.5 m Tap water + fertiliser 7.3 0.1 7.4 1.3 







+-N Phosphate P 
  mg L
-1 
2014/10/27 P1    
2014/10/27 P2    
2014/10/27 P3 0.4 4.76 0.9 
2014/10/27 P4 0.2 6.18 0.5 
2014/10/27 P5 0.1 21.4 1.4 
2014/10/27 P6    
2014/12/15 P1    
2014/12/15 P2 27.2 2.1 7.6 
2014/12/15 P3 0.1 3.5 1.7 
2014/12/15 P4 0.1 3.8 10.4 
2014/12/15 P5 0.8 4.7 5.4 
2014/12/15 P6    
2014/12/31 P1    
2014/12/31 P2 11.35 2.05 4.6 
2014/12/31 P3 0.1 2.6 56 
2014/12/31 P4 2.4 6.4 10.5 
2014/12/31 P5 4.1 1.9 35 
2014/12/31 P6    
2015/02/02 P1 8.1 3.4 2.5 
2015/02/02 P2 5.1 1.6 2.8 
2015/02/02 P3 2.9 3.2 1 
2015/02/02 P4 6.2 4 1.5 
2015/02/02 P5    
2015/02/02 P6    
2015/10/15 P1 0.2 2.6 3.6 
2015/10/15 P2 0.6 75.5 5 
2015/10/15 P3 5.6 16.9 3.9 
2015/10/15 P4 4.5 5.9 2.9 
2015/10/15 P5 7.4 8.3 2.2 
2015/10/15 P6    
2015/12/15 P1 1.4 4.5 3.5 
2015/12/15 P2 3.4 36.4 14.9 
2015/12/15 P3 0.3 5.8 8.4 
2015/12/15 P4 0.5 7.2 1.8 
2015/12/15 P5 0.5 13.9 2.9 
2015/12/15 P6    
2016/03/14 P1 2.1 5.1 4.5 
2016/03/14 P2 2.1 7.3 10.9 
2016/03/14 P3 1.8 8.9 2.9 
2016/03/14 P4 1.5 3.8 21.4 
2016/03/14 P5 0.5 11.9 2.4 








Date  Treatment Water level (m below ground) 
      
2015/12/15 P1 0.8 
2015/12/15 P2 0.7 
2015/12/15 P3 0.4 
2015/12/15 P4 0.42 
2015/12/15 P5 0.43 
2015/12/15 P6   
2016/03/14 P1 0.8 
2016/03/14 P2 0.7 
2016/03/14 P3 0.4 
2016/03/14 P4 0.42 
2016/03/14 P5 0.43 
2016/03/14 P6   
2016/07/19 P1 0.4 
2016/07/19 P2 0.5 
2016/07/19 P3 0.1 
2016/07/19 P4 0.12 
2016/07/19 P5 0.13 
2016/07/19 P6   
2016/08/08 P1 0.81 
2016/08/08 P2 0.44 
2016/08/08 P3 0.49 
2016/08/08 P4 0.53 
2016/08/08 P5 0.46 
2016/08/09 P6   
Banana and taro nutrient uptake 
Season Block Treatment Crop  N (%) P (%) 
1 1 Tap water + fertiliser Taro 1.99 0.54 
1 2 Tap water + fertiliser Taro 2.18 0.55 
1 3 Tap water + fertiliser Taro 2.08 0.54 
1 1 DEWATS Taro 2.02 0.54 
1 2 DEWATS Taro 2.35 0.54 
1 3 DEWATS Taro 2.96 0.53 
1 1 Tap water + fertiliser Banana 3.25 0.21 
1 2 Tap water + fertiliser Banana 3.29 0.21 
1 3 Tap water + fertiliser Banana 3.5 0.21 
1 1 DEWATS Banana 3.29 0.2 
1 2 DEWATS Banana 3.4 0.23 
1 3 DEWATS Banana 3.21 0.2 
2 1 Tap water + fertiliser Banana 2.97 0.2 
2 2 Tap water + fertiliser Banana 2.81 0.18 
2 3 Tap water + fertiliser Banana 3.06 0.18 
2 1 DEWATS Banana 3.12 0.17 
2 2 DEWATS Banana 3.7 0.24 
2 3 DEWATS Banana 3.27 0.22 
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Soil chemical properties 


























Initial 1 Tap water + fertiliser 0.3 m 0.31 41.2 5.70 5.8 9.4 15.2 2.6 
Initial 1 Tap water + fertiliser 0.6 m 0.3 18.6 5.40 4.2 12.3 16.5 2.7 
Initial 2 Tap water + fertiliser 0.3 m 0.28 36.7 4.90 3.5 12.7 16.2 3.1 
Initial 2 Tap water + fertiliser 0.6 m 0.23 7.5 5.20 4.3 7.9 12.2 3.2 
Initial 3 Tap water + fertiliser 0.3 m 0.24 45.1 4.90 3.3 4.6 7.9 2.7 
Initial 3 Tap water + fertiliser 0.6 m 0.21 9.7 4.70 2.1 6.3 8.4 2.5 
Initial 1 DEWATS 0.3 m 0.31 34.2 5.10 6.7 10.7 17.4 2.7 
Initial 1 DEWATS 0.6 m 0.29 2.8 5.60 2.6 14.2 16.8 2.5 
Initial 2 DEWATS 0.3 m 0.31 38.7 5.40 5.8 13.8 19.6 3.2 
Initial 2 DEWATS 0.6 m 0.27 17.8 4.90 5.7 8.9 14.6 2.9 
Initial 3 DEWATS 0.3 m 0.29 40.1 5.20 2.1 6.7 8.8 2.8 
Initial 3 DEWATS 0.6 m 0.26 15.0 4.80 1.8 7.5 9.3 2.4 
504 DAP 1 Tap water + fertiliser 0.3 m 0.32 72.8 4.81 3.2 18.6 21.8 3.0 
504 DAP 1 Tap water + fertiliser 0.6 m 0.32 4.3 5.44 2.4 25.0 27.4 2.7 
504 DAP 2 Tap water + fertiliser 0.3 m 0.26 30.0 5.10 5.4 20.8 26.2 2.3 
504 DAP 2 Tap water + fertiliser 0.6 m 0.31 5.9 5.01 3.2 23.5 26.7 2.8 
504 DAP 3 Tap water + fertiliser 0.3 m 0.37 114.6 4.49 9.7 48.1 57.9 3.7 
504 DAP 3 Tap water + fertiliser 0.6 m 0.32 5.6 5.00    2.9 
504 DAP 1 DEWATS 0.3 m 0.34 52.9 5.39 4.1 21.2 25.2 3.4 
504 DAP 1 DEWATS 0.6 m 0.31 3.7 6.14 2.0 29.1 31.1 2.3 
504 DAP 2 DEWATS 0.3 m 0.32 55.2 6.29 3.7 24.7 28.4 2.9 
504 DAP 2 DEWATS 0.6 m 0.28 6.4 5.35 0.5 36.0 36.5 2.6 
504 DAP 3 DEWATS 0.3 m 0.36 48.5 5.09 6.9 16.6 23.4 3.6 
504 DAP 3 DEWATS 0.6 m 0.32 5.4 6.12    2.1 
992 DAP 1 Tap water + fertiliser 0.3 m 0.33 47.6 5.44 32.5 52.5 85.1 3.1 
992 DAP 1 Tap water + fertiliser 0.6 m 0.22 1.8 5.48 15.3 34.4 49.7 2.3 
992 DAP 2 Tap water + fertiliser 0.3 m 0.3 50.0 5.10 17.3 62.4 79.8 3.0 
992 DAP 2 Tap water + fertiliser 0.6 m 0.2 1.8 5.26 5.2 34.8 39.9 2.3 
992 DAP 3 Tap water + fertiliser 0.3 m 0.33 94.8 4.81 11.1 39.5 50.7 3.7 
992 DAP 3 Tap water + fertiliser 0.6 m 0.29 1.9 5.00 7.2 33.7 40.9 3.1 
992 DAP 1 DEWATS 0.3 m 0.25 16.7 5.25 50.8 53.5 104.2 2.6 
992 DAP 1 DEWATS 0.6 m 0.23 1.8 6.32 19.1 24.2 43.3 2.2 
992 DAP 2 DEWATS 0.3 m 0.28 66.0 6.02 39.6 58.2 97.7 2.7 
992 DAP 2 DEWATS 0.6 m 0.28 23.6 5.22 26.6 45.6 72.2 2.7 
992 DAP 3 DEWATS 0.3 m 0.35 93.3 5.27 8.8 60.4 69.2 3.6 




Appendix 12: Tunnel raw data 
Plant growth 









(m) Leaf number 
Total 
 leaf area  
(m) 
30/09/2015 1 Cartref DEWATS 0.40 0.36 0.06 5 0.02 
30/09/2016 2 Cartref DEWATS 0.87 0.94 0.41 5 0.32 
30/09/2017 3 Cartref DEWATS 0.60 0.50 0.10 4 0.04 
30/09/2018 4 Cartref DEWATS 0.70 0.70 0.32 5 0.19 
30/09/2019 1 Sepane DEWATS 0.70 0.77 0.27 10 0.17 
30/09/2020 2 Sepane DEWATS 0.60 0.55 0.24 7 0.11 
30/09/2021 3 Sepane DEWATS 0.38  0.40 0.27 5 0.09 
30/09/2022 4 Sepane DEWATS 0.80 0.9 0.32 11 0.24 
30/09/2023 1 Inanda DEWATS 0.55 0.52 0.17 9 0.07 
30/09/2024 2 Inanda DEWATS 0.66 0.75 0.28 8 0.17 
30/09/2025 3 Inanda DEWATS 0.54 0.69 0.26 8 0.15 
30/09/2026 4 Inanda DEWATS 0.58 0.65 0.24 8 0.13 
30/09/2027 1 Cartref Tap water + fertiliser 0.09 0.13 0.09 3 0.01 
30/09/2028 2 Cartref Tap water + fertiliser 0.10 0.24 0.10 3 0.02 
30/09/2029 3 Cartref Tap water + fertiliser 0.50 0.10 0.13 3 0.01 
30/09/2030 4 Cartref Tap water + fertiliser 0.23 0.16 0.11 3 0.01 
30/09/2031 1 Sepane Tap water + fertiliser 0.90 0.65 0.22 10 0.12 
30/09/2032 2 Sepane Tap water + fertiliser 0.70 0.63 0.22 8 0.12 
30/09/2033 3 Sepane Tap water + fertiliser 0.70 0.54 0.24 8 0.11 
30/09/2034 4 Sepane Tap water + fertiliser 0.77 0.61 0.23 9 0.11 
30/09/2035 1 Inanda Tap water + fertiliser 0.63 0.77 0.30 10 0.20 
30/09/2036 2 Inanda Tap water + fertiliser 0.60 0.67 0.31 2 0.17 
30/09/2037 3 Inanda Tap water + fertiliser 0.18 0.30 0.14 7 0.03 
30/09/2038 4 Inanda Tap water + fertiliser 0.74 0.91 0.35 10 0.26 
31/12/2031 1 Cartref DEWATS 0.60 0.70 0.30 9 0.17 
31/12/2032 2 Cartref DEWATS 1.13 0.90 0.34 9 0.25 
31/12/2033 3 Cartref DEWATS 0.93 0.93 0.31 9 0.24 
31/12/2034 4 Cartref DEWATS 0.94 0.90 0.33 10 0.25 
31/12/2035 1 Sepane DEWATS 1.14 1.02 0.44 14 0.37 
31/12/2036 2 Sepane DEWATS 1.16 1.11 0.49 11 0.45 
31/12/2037 3 Sepane DEWATS 1.07 1.09 0.49 11 0.44 
31/12/2038 4 Sepane DEWATS 1.20 1.17 0.49 11 0.48 
31/12/2027 1 Inanda DEWATS 0.85 0.90 0.44 8 0.33 
31/12/2028 2 Inanda DEWATS 0.85 0.90 0.44 8 0.33 
31/12/2029 3 Inanda DEWATS 0.90 0.94 0.41 7 0.32 
31/12/2030 4 Inanda DEWATS 0.80 0.93 0.46 6 0.36 
31/12/2019 1 Cartref Tap water + fertiliser 0.40 0.52 0.25 11 0.11 
31/12/2020 2 Cartref Tap water + fertiliser 0.64 0.85 0.37 9 0.26 
31/12/2021 3 Cartref Tap water + fertiliser 0.70 0.79 0.40 11 0.26 
31/12/2022 4 Cartref Tap water + fertiliser 0.58 0.65 0.24   0.13 
31/12/2023 1 Sepane Tap water + fertiliser 1.10 1.20 0.47 14 0.47 
31/12/2024 2 Sepane Tap water + fertiliser 1.10 1.10 0.48 12 0.44 
31/12/2025 3 Sepane Tap water + fertiliser 1.22 1.30 0.54 11 0.58 
31/12/2026 4 Sepane Tap water + fertiliser 1.14 1.20 0.50 12 0.50 
31/12/2015 1 Inanda Tap water + fertiliser 0.74 0.84 0.34 7 0.24 
31/12/2016 2 Inanda Tap water + fertiliser 0.50 0.45 0.21 5 0.08 
31/12/2017 3 Inanda Tap water + fertiliser 0.41 0.40 0.25 6 0.08 
31/12/2018 4 Inanda Tap water + fertiliser 0.97 1.15 0.44 7 0.42 
Rep is the replication.
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Tunnel leachates data 
 Treatment Soil Rep. NO3
- -N  NH4
+-N PO4
3-
 Total N Volumes (L) 
30/09/2015 DEWATS Inanda 1 480 117 27 597 1.5 
30/09/2015 DEWATS Inanda 3 810 3 11.5 813 1.3 
30/09/2015 DEWATS Inanda 4 645 60 19.25 705 1.7 
30/09/2015 DEWATS Sepane 3 185.5 14 12 199.5 0.1 
30/09/2015 DEWATS Sepane 4 43 42 26.5 85 0.7 
30/09/2015 DEWATS Sepane 2 116.5 6 11.5 122.5 0.5 
30/09/2015 DEWATS Cartref 2 50 11 69 61 2.3 
30/09/2015 DEWATS Cartref 4 43.5 1.7 13 45.2 1.4 
30/09/2015 DEWATS Cartref 1 54.5 33 22 87.5 0.9 
30/09/2015 Tap water + fertiliser Inanda 4 1320 310 81.5 1630 0.4 
30/09/2015 Tap water + fertiliser Inanda 1 2185 560 42.5 2745 1.3 
30/09/2015 Tap water + fertiliser Inanda 3 1440 470 27.5 1910 1.1 
30/09/2015 Tap water + fertiliser Sepane 3 10150 28 26 10178 0.9 
30/09/2015 Tap water + fertiliser Sepane 2 6850 820 15.5 7670 0.4 
30/09/2015 Tap water + fertiliser Sepane 4 4350 210 197 4560 0.7 
30/09/2015 Tap water + fertiliser Cartref 3 115 195 30 310 1.9 
30/09/2015 Tap water + fertiliser Cartref 1 132 215 8 347 2.8 
30/09/2015 Tap water + fertiliser Cartref   123.5 205 19 328.5 2.35 
31/12/2015 DEWATS Inanda 4 13.5 4.5 5 18 1.1 
31/12/2015 DEWATS Inanda 3 23.2 2.3 3.6 25.5 0.8 
31/12/2015 DEWATS Inanda 1 43 0.4 45.1 43.4 0.6 
31/12/2015 DEWATS Sepane 1 45 2.9 13.9 47.9 0.1 
31/12/2015 DEWATS Sepane 3 34 0.5 10.1 34.5 0.2 
31/12/2015 DEWATS Sepane 4 24 0.3 11.1 24.3 0.6 
31/12/2015 DEWATS Cartref 4 29.7 0.5 8.8 30.2 2 
31/12/2015 DEWATS Cartref 1 23.6 4.4 7.2 28 1.6 
31/12/2015 DEWATS Cartref 3 12.1 0.8 12.8 12.9 0.5 
31/12/2015 Tap water + fertiliser Inanda 4 284 63.7 2.7 347.7 0.1 
31/12/2015 Tap water + fertiliser Inanda 3 181 35.8 1.9 216.8 1.7 
31/12/2015 Tap water + fertiliser Inanda 1 168 25 5.7 193 2.3 
31/12/2015 Tap water + fertiliser Sepane 3 21.7 61 6.2 82.7 0.3 
31/12/2015 Tap water + fertiliser Sepane 4 177 0.3 9.4 177.3 0.5 
31/12/2015 Tap water + fertiliser Sepane             
31/12/2015 Tap water + fertiliser Cartref 1 18.4 0.6 3.7 19 2.5 
31/12/2015 Tap water + fertiliser Cartref 3 27 0.1 12.7 27.1 2 
31/12/2015 Tap water + fertiliser Cartref 2 107 54.6 10.5 161.6 1.5 
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Pot irrigation data 
Month-year Irrigation volume 































Appendix 13: Soil water mass balance for banana simulated by the SWB model over a period of 992 days at Newlands-Mashu. 
Cartref soil 
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Inanda soil 
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Sepane soil 
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